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HIV-1 vaccines are designed to mimic the structure and contextual elements of 

viral epitopes that have the potential to induce broadly neutralizing antibodies (bnAbs) in 

vivo. The structure of gp41 membrane proximal external region (MPER), targeted by 

three bnAbs, is poorly defined. The goal of this study is to select epitopes with enhanced 

binding to MPER bnAbs, to identify neutralization-competent structures by 

characterizing the function of epitope-specific antibodies in vivo and to determine if these 

selected MPER epitopes can be used to broaden the immune response as potential 

vaccines. 

MPER epitopes were selected by biopanning with phage-displayed peptide 

libraries against bnAbs 4E10, 2F5 and Z13. Epitopes were screened in antigen 

competition binding assays where M13-displayed epitopes competed with HIV-1 

envelope peptides or infectious HIV-1 particles for antibody binding. In vivo response to 

MPER was assessed by M13 immunoprecipitation and neutralization competition assays 

using HIV+ plasma. Immunogenicity of select epitopes was determined by immunization 

of mice and elicited cellular and humoral immune responses were assessed. 

Unique 4E10, and known 2F5 and Z13, epitopes were selected from M13 phage 

display libraries, which were able to compete with envelope peptide and HIV-1 for 

antibody binding. 4E10 and 2F5 epitopes were found to be immunogenic during HIV-1 

infection; of the twelve HIV+ patient plasma tested, 100% and 58% reacted with phage-



 

displayed 4E10 and 2F5 MPER epitopes, respectively. 4E10-epitopes were capable of 

absorbing MPER-specific neutralizing antibodies in HIV+ plasma. Mouse immunization 

with selected, neutralization-competent MPER epitopes elicited HIV-1 specific cellular 

and humoral immune responses and boosted the neutralizing activity of a gp145 protein 

subunit vaccine. 

Unique 4E10 epitopes, that represent functional HIV-1 envelope trimers, were 

identified. Chronically HIV-infected individuals generate neutralizing antibodies to a 

subset of the selected MPER-variant epitopes. These M13-displayed 4E10 epitopes have 

the potential to elicit HIV-1 neutralizing antibodies in mice. Increasing the range of 

antibody recognition to MPER, potentially by vaccination with multiple MPER variant 

epitopes, will be the key to improve HIV-1 vaccine design.
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Introduction 

HIV-1 epidemic 

HIV has infected more than 60 million people; roughly half of those have died 

from AIDS-related causes [1]. In the 30 years since its discovery, HIV has spread to 

every corner of the globe, devastating countries where infection rates are as high as 25% 

[2]. Interventions such as education, microbicide and drug therapy have been successful 

in reducing transmission but these alone will not be enough to end the pandemic [3]. A 

globally efficacious HIV vaccine is required. Induction of broadly neutralizing antibodies 

(bnAbs) is one of the ultimate goals in the development of a preventative HIV-1 vaccine 

[4,5,6,7].  

HIV-1 envelope structure and function 

HIV-1 is an enveloped retrovirus that infects human CD4+ T cells. Viral particles 

contain two surface-exposed viral proteins, gp120 and gp41; the remaining surface 

molecules are host cell-derived [8]. Gp120 and gp41, encoded by the env gene, are 

produced as a precursor protein, gp160 that is cleaved to produce mature viral proteins. 

Gp120, the surface domain that attaches the virus to the host cell, contains five constant 

regions separated by five variable loops [9]. Gp41, a class I viral fusion protein, contains 

a fusion peptide (FP), N- and C-heptad repeats (NHR and CHR) separated by an 

immunodominant loop, a pre-transmembrane domain (pre-TM) containing the membrane 

proximal external region (MPER), a transmembrane domain (TMD) and cytoplamic tail 

or endodomain (Figure 1) [10,11].
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Figure 1. Schematic representation of the gp160 Env protein that is cleaved to produce 
mature gp120 and gp41 protein [11]. 
 

In the mature HIV-1 virion, gp120 and gp41 are non-covalently associated to 

form a trimeric spike in which the gp120 subunits, prominently displayed on the surface, 

are anchored by the transmembrane gp41 subunits (Figure 2) [12]. Gp120 and gp41 are 

the major target of the immune system and are subject to immunological pressure shortly 

after infection. Immune pressure and a high rate of error-prone replication allow for rapid 

sequence diversification in these two proteins, ensuring that some of the progeny viruses 

can continue to infect cells effectively [13]. Mutation, along with recombination, have 

produced enormous genetic diversity within and between HIV-1 subtypes [14].  
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Figure 2. Schematic of HIV-1 structure and location of bnAbs binding sites: the CD4 
binding site (b12, VRC01, HJ16) on gp120, the MPER (2F5, 4E10, Z13e1) of gp41, the 
glycan shield mannose clusters (2G12), and epitopes that reside in the variable loops 1, 2, 
and 3 on gp120 (PG9, PG16) [12]. 

 
Cellular infection, a process of viral attachment and fusion, is dynamic and 

requires significant structural rearrangement of the viral spike (Figure 3) [15]. Gp120 

binds first to the CD4 receptor, then to a coreceptor, CCR5 or CXCR4. Initial CD4 

binding induces a large conformational change in the envelope that exposes the 

previously occluded coreceptor binding site. Coreceptor binding induces another large 

conformational change that triggers the insertion of the gp41 fusion peptide into the host 

cell membrane, restructuring gp41 into the pre-hairpin intermediate state. Next, the NHR 

and CHR collapse bringing the gp41 fusion peptide and the MPER, associated with the 

host and viral membranes respectively, in proximity for fusion. The post-fusion gp41 six-

helical bundle remains on the surface of the infected cell. During the transition to 

complete membrane fusion, gp41 assumes at least three fluid conformations: the pre-
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fusion native state, a pre-hairpin intermediate state in which gp41 acts as a bridge 

between viral and cellular membranes, and the post-fusion hairpin state [15]. 

 

 
Figure 3. Schematic of HIV-1 cellular entry and target epitopes for bnAbs. (a) gp120 
binds to CD4, (b) gp120 binds to the coreceptor, (c) gp41 fusion domain inserts into the 
target cell membrane. (d) gp41 changes conformation resulting in fusion of the target cell 
and viral membranes (gp120 not shown). Numbers in circles represent bnAb epitopes: (1) 
CD4 binding site (b12); (2) mannose cluster (2G12); (3) CD4-induced epitope (e.g. 17b); 
(4) membrane-proximal external region (2F5, Z13 4E10) [15].  

 
Antibody binding to HIV-1 envelope can interrupt the viral infection process [16]. 

BnAbs are unique in that they target regions of HIV-1 that are highly conserved between 

viral strains and are required for successful infection. Mutations that prevent antibody 

interaction with these epitopes will produce viral particles that are not functional [17]. To 

date, very few bnAbs have been identified. 

BnAbs that target gp120 bind either in the native state, preventing envelope 

interaction with host cell molecules such as CD4, or in the CD4-bound state, preventing 
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interaction with coreceptor or inhibiting the conformational changes required for 

infection [18,19,20]. BnAbs against gp120 include: b12, VRC01 and HJ16 which bind to 

the CD4-binding site, 2G12 which binds to the glycan shield mannose clusters, and pg9 

and pg16 which binds to the variable loops. BnAbs that target the linear MPER of gp41, 

4E10, 2F5 and Z13, bind to the native or pre-hairpin intermediate states and prevent 

conformational changes required for fusion (Figure 2) [19,21]. These MPER antibodies 

have been shown to protect non-human primates against infection by passive transfer 

[22]. This provides hope that these gp41 and gp120 bnAbs, if elicited by vaccination, 

could provide protective immunity in humans.  

Vaccine development 

HIV-1 envelope proteins, gp120 and gp41 are the major targets of HIV-1 vaccine 

development [4]. Epitopes that are targeted by bnAbs provide insight into the 

vulnerabilities of the viral envelope [23]. Immunogens that correctly represent the 

structure and context of these viral epitopes will, upon immunization, have the greatest 

chance of eliciting neutralizing antibodies in vivo [24]. Many HIV-1 vaccines have been 

developed since the discovery of HIV-1 over 30 years ago. However, none have been 

successful in eliciting sterilizing protection against HIV-1 infection. 

Initial HIV-1 vaccines consisted of synthetic peptides or monomeric, recombinant 

envelope proteins (rgp120 or rgp160) produced in baculovirus, yeast or mammalian cells 

[25]. Most vaccine products were subtype B and had little genetic variability. HIV-1 

specific antibodies were elicited but were strain-specific and were not capable of 

neutralizing diverse virus strains [25]. Contemporary vaccines reflect a larger genetic 
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diversity of HIV-1 and involve more complex strategies, including live vector vaccines, 

whole-inactivated vaccines, and trimeric envelope proteins [6,26]. Antibodies that are 

elicited during vaccination with these products are capable of neutralizing some strains of 

HIV-1 in vitro and have been shown to be moderately effective in vivo. These vaccines 

have improved humoral and cellular responses but have not achieved the ultimate goal of 

protective immunity [27].  

Vaccines engineered to induce neutralizing antibodies face several challenges. 

HIV-1 subtypes are genetically distinct and have extensive sequence variation within 

each subtype; antibodies directed against one subtype or strain may not be cross-reactive 

against another [14,28]. Conserved regions of gp120 and gp41 exist but are camouflaged 

by variable loops, occluded by the trimeric envelope structure or quickly masked by 

mutation in surrounding regions [18]. HIV-1 has an error-prone reverse transcriptase 

resulting in changes in envelope structure and glycosylation patterns that rapidly leads to 

immune evasion [29]. An effective vaccine must overcome these obstacles.  

HIV-1 vaccine design requires more in-depth understanding of epitope context 

and structure. A high-resolution crystal structure of the gp120/gp41 envelope trimer does 

not exist. Fragments of gp41 have been characterized but the hydrophobic nature of the 

protein hinders full-length protein production and purification. The structure and function 

of gp41, a transmembrane protein, are affected by the lipid composition of the 

surrounding membrane [30]. Gp120 and gp41 are highly dynamic proteins that undergo 

significant transitions during the infection process; understanding the structure of the 

native and transitions states will facilitate vaccine design [21,31].  
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An effective HIV-1 vaccine will elicit antibodies that are capable of binding to 

the envelope glycoprotein and inhibiting HIV-1 infection in vivo. Viral epitopes 

contained in the vaccine must be present and exposed on the surface of HIV in order for 

the elicited antibody to neutralize HIV-1 [32]. Antibodies that bind to HIV-1 in the native 

state may have greater opportunity to neutralize the virus than those that bind to HIV-1 in 

the receptor-bound state, as viral fusion can occur in as little as 10 minutes after CD4 

binding [33]. Therefore it’s important to understand the exposure and accessibility of 

vaccine-targeted HIV-1 epitopes. 

MPER as a target for HIV-1 vaccine design 

The MPER of gp41 is a novel target for HIV-1 vaccine development. This region 

is critical for HIV-1 infection and is therefore highly conserved among diverse strains of 

HIV-1 [19]. Gp41 has less sequence variability than gp120 and contains fewer 

glycosylation sites, it is therefore less likely to be protected by mutation and glycan 

shielding [34]. The MPER is a linear stretch of 23 amino acids, containing epitopes for 

three known bnAbs, 4E10, 2F5 and Z13 (Figure 4). 4E10 is one of the most broadly 

neutralizing HIV-1 antibodies known and is effective against viruses from every subtype 

[35].  
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Figure 4. Diagram of gp41 indicating the amino acid location, sequence and bnAb 
epitopes within MPER [19]. 
 

MPER structure has not been fully characterized. It has been predicted to be both 

an α-helical and an extended β-turn motif, assuming irregular structures that align in 

parallel with the adjacent membrane surface [36,37,38]. Variation in predicted structure 

may represent the different structural states in which MPER may exist, from native to 

post-fusion. This flexible region is further restructured upon antibody binding. It is 

thought that 4E10 extracts the MPER epitope from the lipid membrane, 2F5 lifts the N-

terminal region and Z13 binds directly to the center region of the MPER epitope (Figure 

5) [39,40]. These induced structural changes further confound our understanding of 

epitope structure required to elicit neutralizing antibodies. 
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Figure 5. Representation of MPER orientation changes induced by 4E10, 2F5 and Z13 
binding. Unbound peptide (yellow) is embedded in the viral lipid bilayer (green), 
antibody-complexed MPER conformational changes are shown in red, blue and green 
[39]. 
 

The HIV-1 membrane is important for MPER structure and function as well as 

antibody binding. 4E10, which binds to the most C-terminal region of MPER, adjacent to 

the transmembrane region, has been shown to interact with a variety of lipid components 

within the membrane (Figure 6) [41]. Antibody binding to viral lipids before binding to 

the MPER region of gp41, may increases the overall affinity of the antibody for the 

MPER epitope [42]. Mutational studies have shown that the neutralization potency of 
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4E10 is not dependent on lipid binding [43]. However, incorporation of lipid in 

immunogen design may facilitate production of these cross-reactive antibodies. 

 
Figure 6. Surface-rendered model of the envelope spike showing a) positioning of 2F5 
and 4E10 epitope and the proposed position of antibody-binding fragment (Fab) of 2F5 
(blue, b) and 4E10 (red, c) [44]. 
 

While the MPER is the major target of 4E10, this antibody has also been shown to 

interact with the N-terminal region of gp120, the N-terminal gp41 fusion peptide, and the 

gp41 cytoplasmic tail [11,45,46]. 4E10 may also interact with unknown viral or cellular 

components. The antibody-combining site, the portion of the antibody that physically 

contacts the antigen, of 4E10 is considerably longer and more hydrophobic than most 

antibodies [47]. Only two residues at the base of the complementarily-determining region 

(CDR) of the third heavy chain (H3) have been shown to contact the MPER epitope; the 

apex of the loop orients away from this region and is thought to have uncharacterized 

binding partners [48]. CDR-H3 lies at the center of the antigen-combining site and is 

critical for antigen recognition. Understanding the full epitope of this broadly neutralizing 

antibody is required for MPER-directed vaccine design. 
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The lack of critical information in the MPER region is evident in the failure of 

MPER-specific vaccines to induce bnAbs. Attempted vaccines have included MPER 

peptides [49,50,51,52], truncated gp41 proteins [53,54], full-length gp145 proteins 

[55,56,57], and epitope scaffolds [58,59,60]. Immunogens have included peptides or 

proteins, either alone or in combination with lipid components [61]. These designs have 

been unsuccessful in part due to the hydrophobic nature of the MPER and gp41 in 

general. Gp41 is difficult to produce, usually requiring significant mutation or truncation 

to produce in sufficient quantities for preclinical vaccine testing. Protein modifications 

may interfere with the native conformational arrangement of the MPER epitope, 

presenting it in an immunologically irrelevant way.  

Development of the humoral immune response to HIV-1 MPER. 

Neutralizing antibodies, while difficult to elicit by vaccination are produced over 

the course of HIV-1 infection. The majority of these antibodies have limited breadth and 

potency; they are effective only against the infecting strain of HIV-1 [62]. Early 

antibodies target epitopes on gp120 and gp41 that can mutate to escape neutralization, 

limiting their effectiveness [63]. Approximately 10-30% of HIV-1 infected individuals 

develop a broad, cross-reactive neutralizing antibody response within the first 2.5 years 

of infection [64,65].  

Antibodies directed against the MPER have been detected in roughly a third of 

HIV-1 infected individuals, however 2F5 and 4E10-like antibodies are thought to be rare 

[66]. MPER-specific antibodies have been shown to contribute to the overall 

neutralization breadth of HIV-positive plasma and in some rare cases may be responsible 
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for greater than 50% of the activity [67]. Plasma antibodies to MPER have unique 

specificities, as shown by alanine scanning, that need to be further characterized [68]. 

MPER can be recognized in a variety of conformations by the immune system, 

understanding the unique immunogenic structures of the MPER may identify novel 

targets for vaccine design. 

Purpose of research  

We hypothesize that HIV-1 epitopes that are recognized with high affinity by 

known bnAbs will improve immunogen design and induce bnAbs. This is particularly 

critical for 4E10 where MPER structure is poorly defined and potentially unknown 

binding partners exist. This study has four specific aims that are designed to test this 

hypothesis: 1) To characterize the neutralization profile of MPER-specific bnAbs and 

plasma antibodies and to explore the accessibility of viral MPER; 2) To reconstruct the 

MPER bnAb epitopes using random-peptide library biopanning strategies, identifying 

novel epitopes that may provide insight into the structure of the native and transition 

states of MPER; 3) To identify neutralization-competent MPER structures by 

characterizing the HIV-positive in vivo response to high-affinity MPER epitope variants 

and determining the neutralization efficacy of epitope-specific antibody populations; and 

4) To test the immunogenicity of neutralization-competent MPER variants, alone and in 

combination, with an established immuongen. 

Overview of experimental designs 

1. MPER-directed neutralization: Neutralization breadth and potency of MPER 

bnAbs, 2F5 and 4E10, were assessed in vitro against a multi-subtype panel of HIV-1 
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isolates. HIV-1 envelope sequences were compared to identify resistance-causing 

mutations. Virus capture assays were performed to assess accessibility of the MPER 

epitope in native and receptor-bound HIV-1 states. HIV-positive plasma samples were 

analyzed to determine frequency and potency of anti-MPER response in vivo. 

2. BnAbs epitope reconstruction: Biopanning of random peptide libraries was 

used to select high-affinity epitope variants that bind to MPER bnAbs. Two phage 

display random peptide libraries were used, Ph.D.12 and Ph.D.c7c, expressing linear 12-

mers or disulfide-constrained 7-mers fused to the minor coat protein g3p of M13 

bacteriophage. Several biopanning strategies using an antibody-coated surface were 

attempted. The peptide library was: i) bound directly to the antibody under stringent 

conditions, ii) bound in competition with HIV-1, with or without soluble CD4, or iii) 

bound in the presence of antibody:HIV-1 complex. Variants of the known linear epitopes 

as well as novel, structural epitopes were identified. Relative affinity and specificity of 

the selected epitopes were determined by M13 binding ELISA and peptide competition 

assays. Virus capture competition assays determined if the M13-displayed epitopes could 

compete with HIV-1 for antibody binding. Selected peptide epitopes were modeled to 

predict the structure of the epitope recognized by the bnAbs. 

3. MPER humoral recognition in vivo: The antibody response to MPER during 

HIV-1 infection was characterized using the bnAb-selected, M13-displayed epitopes. 

HIV-positive plasma IgG bound to protein A-coated magnetic beads were used to 

immunoprecipitate select, high-affinity M13-displayed MPER epitopes variants. 

Immunoblot detection of the M13 major coat protein P8, approximately 2700 copies per 
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phage, greatly amplified the signal from antibodies present in minute amounts in 

typical patient plasma. Recognition by HIV-positive patient antibody would suggest that 

the epitope in question was displayed on HIV-1 and was able to induce an antibody 

response during the course of infection. M13-displayed epitopes were used to absorb 

epitope-specific plasma antibodies; the decrease in neutralization capacity was tested.  

4. Immunogen development: Immunogenicity of select M13-displayed 4E10 

epitopes, those capable of mitigating antibody-mediated neutralization, were tested by 

vaccination of mice. MPER variants were used alone, in combination with other MPER 

variants, or in combination with an HIV-1 envelope antigen. The elicited immune 

responses were analyzed for HIV-1 envelope binding and anti-HIV-1 humoral and 

cellular immune responses.  

Originality and contribution 

This study will generate insights into the challenging problem of HIV-1 vaccine 

design. Specifically, the proposed research will identify novel epitopes recognized by 

MPER bnAbs and distinguish unique binding profiles to these epitopes by HIV-positive 

plasma antibodies. The neutralization potency of epitope-specific antibody populations 

will provide information on the nature of the target epitopes that can elicit a broadly 

protective immune response. Using these epitopes to boost epitope-specific immune 

responses could lead to the development of an efficacious HIV-1 vaccine. 
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Material and Methods 

Section 1. MPER-directed neutralization 

TZMbl cells 

TZM- bl is a CXCR4+ HeLa cell clone that was engineered to express CD4 and 

CCR5 receptors. The cells contain an integrated, firefly luciferase reporter genes under 

control of an HIV-1 long-terminal repeat sequence. Expression of the reporter gene is 

induced in trans by HIV-1 Tat protein shortly after infection. Luciferase activity is 

measured by luminescence and is directly proportional to the number of infectious virus 

particles present in the initial inoculum [69].  

HIV-1 Isolates 

 Full-length, gp160 envelopes were cloned from 56 of 60 strains from a well-

characterized panel of HIV-1 primary isolates (10 from each major clade; A, B, C, D, 

CRF01_AE and CRF02_AG), and used to generate pseudovirus stocks (Table 1) [70]. 
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Table 1: Multi-subtype panel of HIV-1 isolates. 
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HIV-2 chimeric envelope containing the HIV-1 MPER and HIV-2 envelope 

without MPER were used to generate pseudoviruses that specifically measure MPER-

specific neutralization and non-specific inhibition. 

Pseudoviruses containing either the envelope glycoprotein from murine leukemia 

virus (MuLV), vesicular stomatitis virus (VSV) or no envelope glycoprotein (Bald) were 

used as negative controls to measure non-specific viral inhibition. 

Pseudovirus preparation 

Pseudoviruses were produced in 293T cells by co-transfection of two plasmids; an 

Env expression plasmid containing the viral envelope of choice and an HIV-1 backbone 

plasmid (pSG3ΔEnv) containing the entire HIV genome with the exception of Env. The 

pSG3ΔEnv plasmid is transcribed into viral genomic RNA and packaged by the 

pseudovirus; the Env plasmid is not packaged. The resulting pseudovirus particles are 

therefore limited to one round of infection. Pseudoviruses were prepared by transfecting 

5×106 293T cells with 8 µg of env expression plasmid and 24 µg of pSG3ΔEnv, using 

FuGene transfection reagent (Roche Diagnostics). Cultures were incubated at 37°C in a 

humidified 5% CO2 incubator for 72 h, supernatants were centrifuged, filtered and stored 

at − 80°C until use. 

Pseudovirus neutralization assay 

TZM-bl cells were used as assay targets to determine HIV-1 neutralization. BnAb 

or plasma were titered in 4-fold serial dilutions starting at 25 µg/ml or 1:20 dilution 

respectively, in growth medium [DMEM with 100 U/ml penicillin, 100 µg/ml 

streptomycin, 2 mM L-glutamine (Quality Biologics Inc.), and 15% fetal calf serum 
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(Gemini Bio-Products)] and 25 µl added in duplicate to a 96-well flat-bottom black 

plate. Pseudovirus, diluted in growth medium to a dilution optimized to yield ~150,000 

relative luminescence units (RLU), was added in equal volume to each well. The samples 

were incubated at 37°C in a humidified 5% CO2 incubator for 1 h. All incubations were 

under these conditions. TZMbl cells were resuspended at 2x105 cells/ml in growth 

medium containing 60 µg/ml DEAE-dextran (Sigma), 50 µl was added to each well. Each 

plate included wells with cells and pseudovirus (virus control) or cells alone (background 

control). Plates were incubated for 48 h, and then 100 µl/well of reconstituted Brite Lite 

Plus (Perkin Elmer) was added. RLU values were measured using a Victor 2 luminometer 

(Perkin-Elmer). The percent inhibition due to the presence of the antibody was calculated 

by comparing RLU values from wells containing antibody to well with virus control. 

Two independent assays were performed and the results were averaged [69,71]. 

HIV-1 capture assay 

4E10 and 2F5 binding to HIV-displayed epitopes was quantified using HIV-1 

capture assays. 4E10- and 2F5-neutralization sensitive isolates from subtype A 

(KSM4030 and KER2008) and subtype B (873 and BK132) and 4E10- and 2F5-

neutralization resistant isolates from subtype A (92/ΜG/024 and KER2018) and subtype 

B (US1 and 33931) were analyzed. Reacti-Bind Protein A/G Coated 96-well plates 

(Pierce) were wash three times with 300 µl 0.05% PBST (PBS containing 0.05% Tween-

20). Antibodies were diluted to 10 µg/ml in SuperBlock Blocking Buffer (Pierce), 100 

µl/well were added to the plate. Plates were incubated at room temperature for 1 h with 

gentle agitation then washed three times with 300 µl 0.05% PBST (PBS containing 
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0.05% Tween-20). Plates were blocked with 300 µl SuperBlock Blocking Buffer for 1 

h with gentle agitation then washed three times with 300ul 0.05% PBST. HIV-1 

pseudovirus stocks were titered 3-fold in RPMI-1640 starting at 17.5 ng/ml p24. 100 µl 

of each dilution was added to the plate in duplicate. Plates were incubated at 37°C for 1 h 

then washed six times with 300 µl RPMI-1640. Disruption buffer was added to each well 

and bound pseudoviruses were quantitated by p24 ELISA. Assays measuring the effect of 

sCD4 binding on HIV-1 capture were performed using HIV-1 stocks that were pre-

incubated with 10 µg/ml sCD4 at 37°C for 1h before titration and addition. All assay 

manipulations involving HIV-1 were performed in a biological safety cabinet. Two 

independent assays were performed and the results were averaged. 

p24 ELISA 

Pseudovirus particle number was estimated by determination of p24 capsid 

protein concentration of the viral stock. ELISAs were performed using HIV-1 p24 

Antigen Capture Assay (Advanced BioScience Laboratories, Inc) with some 

modifications to the manufactures protocol. Samples were lysed by adding disruption 

buffer (PBS containing 2.5% Triton-X), diluted in PBS containing 0.05% BSA, then 100 

µl was added to the ELISA microplate containing a protein standard. The plates were 

incubated at 37°C for 1 h then washed six times with wash buffer (PBS containing 

Tween-20). Horseradish peroxidase-labeled conjugate was added, plates were incubated 

at 37°C for 1 h then were washed six times with wash buffer. Peroxidase substrate was 

added; plates were incubated at room temperature for 15 min, then the reaction was 

stopped by adding Stop solution (2N sulfuric acid). Plates were read on a 
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spectrophotometer at 450 nm and the protein concentration determined based on the 

standard curve. 

Section 2. bnAb epitope reconstruction 

Phage display libraries 

Two phage display random peptide libraries, Ph.D.12 and Ph.D.c7c (New 

England Biolabs), were used to select high-affinity epitope variants that bound to MPER 

bnAbs. The libraries express linear dodecapeptides (Ph.D.12) or disulfide-constrained 

heptapeptides (Ph.D.c7c) fused to the minor coat protein g3p of M13 bacteriophage. 

G3p-fused epitopes, displayed as five copies clustered at one end of the mature M13 

virion, do not effect infectivity of the bacteriophage. M13 DNA has also been modified to 

include the lacZα gene; plaques appear blue when plated on Xgal containing agar. Each 

library has a complexity on the order of 109 independent clones [72]. 

E. Coli Strain 

E. coli host strain ER2738 (F ́ proA+B+ lacIq Δ(lacZ) M15 zzf::Tn10 (TetR)/fhuA2 

glnV Δ(lac-proAB) Δ(hsdMS-mcrB)5 [rk
– mk

– McrBC–]) was used for M13 propagation. 

ER2738 is a robust F+ strain with a rapid growth rate and is well-suited for M13 

propagation. The F-factor of ER2738 contains a mini-transposon, which confers 

tetracycline resistance. E. coli stocks, produced from single colonies grown on 

LB/Tetracycline plates, were cultured overnight in LB/Tetracycline liquid medium [72].  

BnAb epitope selection by biopanning 

Biopanning experiments were performed in 96-well microtiter Immunol B 

polystyrene plates (Figure 7).  Antibody (4E10, 2F5 or Z13) was diluted to 6.7 µg/ml in 
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0.1 M NaHCO3, 150 µl was added to each target well. The plate was incubated 

overnight at 4°C with gentle agitation in a humidified container. The unbound target 

antibody was removed and the plate blocked with 300 µl of 10% nonfat milk at 4°C for 1 

h. The plate was washed six times with 300 µl of 0.1% PBST (PBS containing 0.1% 

Tween-20). M13 library was added, 1x1011 M13/well in 0.1% PBST, and incubated at 

room temperature with gentle rocking for 5 min. Unbound M13 were removed by 

washing the plate ten times with 300 µl 0.1% PBST. Bound M13 were eluted with 100 µl 

of 0.2 M Glycine-HCl (pH2.2); elution buffer was incubated for 10 min at room 

temperature with gentle rocking. Eluted phage were transferred to a microcentrifuge tube 

where the pH was neutralized by adding 15 µl of 1 M Tris-HCl (pH 9.1). Eluted phage 

were titered on LB/IPTG/Xgal plates and amplified on E. coli. Amplified M13 cultures 

were used as input for two additional rounds of biopanning.   
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Figure 7. Diagram of phage display biopanning procedure. 

Several selection strategies were attempted in additional rounds. 1) The 

stringency of selection was increased by using wash buffer with increased tween-20 

concentration, 0.5% PBST. 2) The target antibody was bound to HIV-1 pseudovirus 

before the addition of the M13 library. HIV-1 pseudovirus, clade B 873, was added at a 

concentration of 17.5 ng/ml p24, 30 min before the direct addition of M13. 3) HIV was 

also pre-incubated with sCD4 for 30 min at 20 µg/ml before adding to the target plate. 
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Experiments using HIV-1 were performed in a biological safety cabinet; HIV-1 was 

inactivated with disruption buffer after elution [72]. 

M13 amplification and purification 

M13 clones were amplified by infection of 20 ml mid-log culture of ER2738 by a 

single plaque or 1010 phage particles. Cultures were incubated at 37°C with rapid rotation 

for 5 h. Supernatants were transferred to 30 ml tubes and centrifuged at 4500 g for 10 min 

at 4°C, twice. M13 were precipitated by adding 1/6 volume of 2.5 M NaCL/20% PEG-

8000 for 1 h at 4°C. Samples were centrifuged at 12000 g for 15 min at 4°C. Supernatant 

was decanted, the pellet was resuspended in 1 ml PBS then transferred to an eppendorf 

tube and briefly centrifuged to remove any remaining bacteria. Supernatants were 

transferred to fresh eppendorf tubes, 1/6 volume of 2.5 M NaCL/20% PEG-8000 was 

added then samples were incubated on ice for 30 min. Samples were centrifuged at 16000 

g for 10 min at 4°C. Supernatants were removed, the tubes were briefly centrifuged and 

remaining supernatants were removed. Phage pellets were resuspended in 200 µl PBS 

and the phage concentration was determined by spectrophotometry and infectious titer. 

Samples were aliquoted and stored at -20°C [72]. 

M13 DNA purification and sequencing 

M13 DNA samples were prepared for sequencing using QIAprep Spin M13 Kit 

(Qiagen), following the manufactures protocol [73]. All centrifugation of QIAprep spin 

columns were carried out in a conventional tabletop microcentrifuge at 8000 rpm. Culture 

supernatants collected after two rounds of centrifugation, 1 ml of cleared culture was 

used for DNA purification. M13 were precipitated by adding 10 µl M13 precipitation 



     24 

   

buffer, samples were votexed and incubated at room temperature for 2 min. 

Supernatants were transferred to a spin column in a microcentrifuge tube and centrifuged 

for 15 s. Bacteriophage were retained on the silica –gel column membrane, flow-through 

was discarded. A high-salt M13 lysis buffer was added (0.7 ml), the column was 

incubated at room temperature for 1 min, centrifuged for 15 s then the flow-through was 

discarded, twice. Phage particles were lysed and removed while the single-standed DNA 

was absorbed onto the membrane. The column washed once by adding 0.7 ml wash 

buffer, centrifuging for 15 s and discarding flow-through. The column was then 

centrifuged for an additional 15 s to dry the membrane, removing residual wash buffer. 

The column was placed into a fresh microcentrifuge tube, 100 µl of elution buffer (10nM 

Tris-Cl, pH 8.5) was added then incubated for 10 min and centrifuged for 30 s at 8000 

rpm. Flow-through was collected and DNA was sequenced by either Davis Sequencing 

(Davis, CA) or Retrogen Inc. (San Diego, CA). Sequencing primer 96 gIII (NEB 

#S1259S) was used. 

Sequence alignment 

Insert sequences were aligned using ClustalW Multiple Sequence Alignment. 

Insert sequences and alternative 4E10-HIV-1 epitope sequences were aligned using 

Pairwise Sequence Alignment. Both programs are available at www.ebi.ac.uk/ 

M13 binding ELISA 

The affinity and specificity of M13-displayed epitopes were determined by 

binding ELISA titration using specific (4E10, 2F5 or Z13) and nonspecific (2G12) target 

antibodies. Antibodies were diluted to 10 µg/ml in 0.1 M NaHCO3 (pH 8.6), 100 µl per 
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well was added to 96-well microtiter Immunol B polystyrene plates. Plates were 

incubated overnight at 4°C with gentle agitation in a humidified container then washed 

three times with 300 µl 0.05% PBST (PBS containing 0.05% Tween-20). Plates were 

blocked with 300 µl 10% non-fat Milk for 1 h at 4°C then washed twice with 0.05% 

PBST. M13 was titered in 2-fold serial dilutions starting at 1x1011 M13/ml in 10% non-

fat milk and 100 µl added to the plate. Plates were incubated at room temperature for 1 h 

then washed three times with 300 µl 0.05% PBST. HRP-labeled anti-M13 antibody 

(Pharmacia, 27-9411-01) diluted to 1:5000 in 10% non-fat milk was added, 100 µl/well. 

Plates were incubated for 30 min at room temperature then washed three times with 300 

µl 0.05% PBST. TMB (KPL, 50-76-03) (100 µl) was added, incubated for 15 min at 37°C 

and the reaction stopped by adding 100 µl of 1M phosphoric acid. Plates were read on a 

spectrophotometer at 450 nm. M13 binding titer was determined by calculating the M13 

concentration at which binding was detectable above five times background, M13 

binding to uncoated wells. Two independent assays were performed and the results were 

averaged. 

Peptide competition ELISA 

The M13 Binding ELISA was modified to include peptide competition. Tested 

peptides: 

MPER peptide    LELDKWASLWNWFNITNWLWYIK(amide) 

gp41 fusion peptide  GAVFLGFLGAAGSTM 

gp41 endodomain  AVAEGTDRIIELIQR 

gp120 N-terimus  LWVTVYYGVPVWKEA, VYYGVPVWKEAKTTL 
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MPER scrambled peptide  LSINEAFKWLDWWTLNDLWYIWK(amide)  

Nonspecific peptide  DRLGRIEEEGGEQDR 

Lyophilized peptides were reconstituted in methanol at 2 mg/ml and were stored 

at -20°C. Assay plates were coated with specific antibody and blocked as described 

above. A single concentration of M13 (7.5x108 M13/ml) and titered peptide (5-fold serial 

dilutions starting at 100 µg/ml) were added concurrently to each well. Samples were 

incubated at room temperature for 1 h, the rest of the assay proceeded as described for the 

M13 Binding ELISA. Peptide inhibition was determined by comparing wells containing 

peptide to wells without peptide. Two independent assays were performed and the results 

were averaged. 

HIV-1 capture competition assay 

The HIV-1 capture assay was modified to include M13-displayed epitope 

competition in which HIV-1 and M13 were added to the plate together. M13 was titered 

in 2-fold serial dilutions starting at 4x1011 M13/ml in RPMI-1640; HIV-1 pseudoviruses 

were diluted in RPMI-1640 to 35 ng/ml p24. Equal volumes of M13 and HIV were added 

concurrently to each well. All other steps were performed as described for the HIV-1 

capture assay. 

Structural modeling 

The N-terminal region of the M13 g3p protein containing the bnAb-selected 

epitopes were modeled using HHpred (homology detection and structure prediction by 

pairwise comparison of profile hidden Markov models) and secondary structure was 
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predicted using Jpred3 (structure prediction by neural network assignment). Molecular 

visualization and editing was performed using Pymol. 

Section 3. MPER humoral recognition in vivo 

Immunoprecipitation 

 HIV-positive plasma IgG was bound to magnetic protein A-coated beads then 

used to immunoprecipitate M13-displayed MPER epitopes. Protein A beads (Invitrogen) 

were resuspended and 50 µl per samples was transferred to an eppendorff tube. Tubes 

were placed in a magnetic rack and residual liquid was removed. The beads were washed 

by resuspending in 200 µl PBST 0.05% then liquid was removed after 1 min on a 

magnetic rack. The beads were resuspended in 200 µl antibody binding buffer (PBST 

0.02%) containing 1.5 µl of filtered undiluted plasma. This concentration of plasma IgG 

will saturate the protein A beads. The protein A beads and plasma IgG were mixed by 

rotation at room temperature for 30 min. The tubes were then placed in a magnetic rack 

and liquid was removed. The beads were then washed three times with 200 µl PBST 

0.05%, the samples were transferred to new eppendorff tubes twice between washes. The 

beads were resuspended in 200 µl 10% nonfat milk and were mixed by rotation at room 

temperature for 30 min. Tubes were placed on the magnetic rack and liquid was removed 

after 1 min.  The beads were resuspended in 200 µl 10% nonfat milk containing 1x1010 

M13/ml and were mixed by rotation at room temperature for 30 min. The beads were 

then washed seven times with 200 µl PBST 1.5%, the samples were transferred to new 

eppendorff tubes three times between washes. The beads were resuspended in 20 µl 

elution buffer (0.2 M Glycine-HCl, pH2.2) and incubated at room temperature for 5 min. 
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The tubes were placed on a magnetic rack for 1 min, the eluate was removed into a 

fresh eppendorff tube then M13 capsid protein was detected by western blot. 

Western Blot 

Samples were prepared by mixing 20 µl sample with 20 µl 2x SDS and 4 µl 10x 

reducing reagent. Sample were boiled for 5 min then mixed by brief centrifugation. 

Novex 16% gels (Invitrogen) were loaded with 8 µl sample per well. Gels were run for 

1.5 h at 125 V with Novex running buffer (Invitrogen). Separated proteins were 

transferred to a PVDF 0.2 µm membrane (Invitrogen) for 50 min at 25 V using Novex 

transfer buffer (Invitrogen). The membrane was then rinsed twice with 10 mls water for 5 

min. All incubations were performed at room temperature on a plate tilter set to one 

rotation per second. The membrane was blocked with blocking buffer (Li-Cor 

Biosciences) for 30 min then rinsed twice with 10 mls water for 5 min. Murine primary 

M13 g8p antibody (AbCam) was diluted 1:1000 in 10 mls blocking buffer and incubated 

with the membrane for 60 min. The membrane was washed four times with wash buffer 

(TBST 0.05%). Secondary IRdye conjugated goat anti-mouse IgG antibody (Li-Core) 

was diluted 1:10,000 in 10 mls blocking buffer and incubated with the membrane for 45 

min. The membrane was washed four times with wash buffer then rinsed twice with 10 

mls water. The membrane was dried and scanned using an Odyssey infrared imaging 

system (Li-Core). Bands were normalized and quantified using protein standards. 

Pseudovirus neutralization competition assay 

The pseudovirus neutralization assay protocol was used with the following 

modifications. The MPER-chimera pseudovirus was used to assess neutralization 
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competition in this assay. Plasma was diluted to a final dilution of 2xID50 and mixed 

with equal volume of M13 at a final concentration of 5x1010 M13/ml. The samples were 

incubated for 30 min. Pseudovirus was added in equal volume to each well, samples were 

incubated for an additional 30 min. TZMbl cells were resuspended at 2x105 cells/ml in 

growth medium containing 60 µg/ml DEAE-dextran, 50 µl was added to each well. Each 

plate included wells with cells, plasma and pseudovirus (plasma control), cells and 

pseudovirus (virus control) or cells alone (background control). Plates were incubated for 

48 h then analyzed. All values were normalized to the plasma control, which equals 100 

relative light units. Neutralization competition was determined by comparing RLU values 

from wells containing M13 to the plasma and virus controls. Two independent assays 

were performed and the results were averaged. 

Section 4. Immunogen development 

Antigens 

The gp145 protein was produced from an envelope sequence isolated from an 

acute, subtype C infected individual from Tanzanian. The entire ecto-domain of the 

protein is present, including the MPER of gp41. The protein was designed to include two 

mutations (R508S, R511S) in the gp120/gp41 cleavage site to prevent protease cleavage 

and a multi-lysine C-terminal to facilitate production and MPER epitope presentation. 

The protein was produced in CHO cells, purified by lectin affinity chromatography and is 

present as higher-order multimers. The gp145 protein contained the following MPER 

epitope sequence: ALDSWNNLWNWFDIS. 
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Five M13-displayed 4E10 epitopes, listed below, were produced in large 

volumes, PEG purified and resuspended in PBS as described above. 

4E10 c7c4: cYFFDRSSc 

4E10 12B6: DMRSIFHDNPFN 

4E10 12B7: GYWSDYWGMTTH 

4E10 12D1: QSYNWFDHTRWI 

4E10 12D4: LPNWFNLSSNLM 

Liposome preparation 

Antigens, M13 phage and gp145 protein, were encapsulated in liposome prior to 

immunization. Liposomes composed of dimyristoyl phosphatidylcholine, dimyristoyl 

phosphatidylglycerol and cholesterol in molar ratios of 1.8:0.2:1.5 were prepared by 

dispersion of lyophilized mixtures of lipids at a phospholipid concentration of 50 mM in 

Dulbecco's PBS with 0.4 g/ml lipid A, either lacking or containing antigen. Liposomes 

were washed twice in sterile saline to remove the unencapsulated antigen. 

Animal Immunizations 

Forty female BALB/C mice, 25 g each, were immunized under a protocol 

approved by the Institutional Laboratory Animal Care and Use Committee. Animals were 

divided into eight groups of five animals each (Table 2). Mice were immunized 

intramuscularly four times in alternating caudal thigh muscles at two or three week 

intervals with 5x1011 phage or 10 µg gp145 protein each per dose. Blood was collected at 

two-week intervals starting two weeks prior to the first immunization ending when the 

animals were euthanized. Blood was incubated at room temperature for 2-3 h, 
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refrigerated overnight at 4°C then centrifuged. Serum was collected and stored at -

20°C. Two weeks after the last boost (week 10) the mice will be euthanized. Blood, 

spleens, lymph nodes, bone marrows, and livers were obtained and processed from naïve 

and immunized mice. 

Table 2. Mouse immunization plan.  

 
IFNγ-release ELISPOT (Enzyme-linked Immunosorbent Spot) assay 

Spleen cells secreting IFNγ were analyzed by ELISPOT. Ninety-six-well 

nitrocellulose-backed MultiScreen-IP sterile plates (Millipore) were coated overnight at 

4°C with 10 µg/ml of anti-gamma interferon (IFNγ) (PBL Interferon Source) in sterile 

PBS. The wells were blocked with sterile PBS containing 0.5% bovine serum albumin for 

30 min at 37°C and washed with PBS containing 0.025% Tween 20 (wash solution) 

followed by sterile RPMI-1640 complete medium. Single cell suspensions were prepared 

from the mouse spleens of each group (five mice/group). Cells (2x106/well) were plated 

on anti-IFNγ-coated plates and incubated for 18 h at 37°C in a humidified CO2 incubator. 

Cells were incubated with 5 µg/ml acute C gp145 (HIV-1 C06980, Advanced Bioscience 

Laboratories), gp140 (HIV-1 IIIB, Advanced Bioscience Laboratories), yeast-derived 

gp41 (Meridian Biosciences) or 10 µg/ml cathepsin degraded, yeast-derived gp41 or no 

protein. Plates were washed with wash solution followed by distilled water and overlaid 

Group# Immunogen Immunization Bleeds (Weeks)
(Weeks) 150ul/mouse/bleed

1 M13-12D4 0, 3, 6, 8 -2, 0, 2, 4, 6, 8, 10 Week 10
2 M13-12B7 0, 3, 6, 8 -2, 0, 2, 4, 6, 8, 10 Week 10
3 M13-all 5 0, 3, 6, 8 -2, 0, 2, 4, 6, 8, 10 Week 10
4 gp145/M13-all 5 0, 3, 6, 8 -2, 0, 2, 4, 6, 8, 10 Week 10
5 gp145 0, 3, 6, 8 -2, 0, 2, 4, 6, 8, 10 Week 10
6 M13-no insert 0, 3, 6, 8 -2, 0, 2, 4, 6, 8, 10 Week 10
7 Naïve 0, 3, 6, 8 -2, 0, 2, 4, 6, 8, 10 Week 10

Euthanasia (collect blood, 
spleens, lymph nodes, bone 

marrow and livers)
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with 0.125 µg/ml of biotinylated anti-IFNγ (clone XMG 1.2; BD PharMingen) and 

incubated at room temperature for 2h. The plates were then washed and incubated with a 

1:1,000 dilution of avidin-conjugated alkaline phosphatase (Vector Laboratories) for 2 h 

at room temperature. The plates were washed, and bound IFNγ was detected by the 

addition of 5-bromo-4-chloro-3-indolylphosphate (BCIP)/nitroblue tetrazolium (NBT) 

(Kirkegaard and Perry Labs). The plates were washed with water, and the individual 

spots were visualized and counted the next day using a stereo binocular microscope. The 

average number of spots/number of cells plated was plotted. 

Antigen presentation and detection of cytokines from T-cells by flow cytometry 

Cells from spleens or lymph nodes from the different groups of mice were 

stimulated with 5 µg/ml acute C gp145 (HIV-1 C06980, Advanced Bioscience 

Laboratories), gp140 (HIV-1 IIIB, Advanced Bioscience Laboratories), yeast-derived 

gp41 (Meridian Biosciences) or 10 µg/ml cathepsin degraded, yeast-derived gp41 or 

ConA as the postive control for 22 h at 37°C. The cells were incubated with the above-

mentioned antigens for 2 h before the addition of brefeldin A (1 mg/ml, Sigma-Aldrich) 

and monensin (0.07 mg/ml, BD Pharmingen). Cells were incubated for an additional 20 

h. Cells were analyzed on a LSR II (BD Immunocytometry Systems) flow cytometer and 

500,000 events were collected using FACSDiva software (BD Immunocytometry 

Systems). Dead cells were excluded using a viability marker and B-cells were excluded. 

The CD3+ CD4+ and the CD3+ CD8+ T-cells were gated and analyzed for the 

expression of, IL-2, TNF-a, IFN-g and CD107a. The data were analyzed using FlowJo 

software (Tree Star). Percent positively stained cells per antigen are shown for each 
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group. The black bar represents a two-fold range above the control response, M13 – no 

insert. 

Antigen-specific serum IgG ELISA 

Antigen specific IgG titers were determined by binding ELISA titrations using 

gp145 and gp41 as targets. Antigens were diluted to 0.25 µg/ml in PBS (pH 7.4), 100 ul 

per well was added to 96-well microtiter Immunol 2 polystyrene plates. Plates were 

incubated overnight at 4°C then washed three times with 300 ul 0.1% PBST (PBS 

containing 0.1% Tween-20). Serum was titered in 2-fold serial dilutions starting at 1:50 

dilution in serum diluent (0.1% PBST containing 5% non-fat milk), and 100 ul each 

dilution was added to the plate. Plates were incubated at 37°C for 1 h then washed three 

times with wash buffer. HRP-labeled anti-mouse IgG antibody diluted to 1:16,000 in 

serum diluent was added, 100 ul/well. Plates were incubated for 1 h at 37°C then washed 

three times with wash buffer. TMB (100ul, Kirkegaard and Perry Labs) was added, 

incubated for 30 min at 37°C and the reaction stopped by adding 100 ul of 1 M 

phosphoric acid. Plates were read on a spectrophotometer at 410 nm, 570 nm reference 

filter. Antigen binding titer was determined by calculating the concentration at which 

binding was detectable above three times background. Two independent assays were 

performed and the results were averaged. 

Surface Plasmon resonance (SPR) measurements by Biacore 

SPR measurements were conducted with a Biacore T200 using CM5 chips. 

Peptides were immobilized to the chip surface using the Biacore amine coupling kit 

(Biacore, AB). All immobilization steps used a flow rate of 10 µl/min and were 
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performed at 25°C. The peptide loading buffer was 20 mM sodium acetate, pH 4.2. 

The immobilization wizard packaged within the T200 control software was used to 

immobilize 14700 resonance units (RU) of 10 uM scrambled MPER peptide and 20500 

RU of MPER peptide to their respective flow cells. Both peptides had a 10 min contact 

time during immobilization. The serum samples were diluted 1:50 in Tris buffered saline, 

pH 7.4 and passed over the chip surface at 30 µl/min for 3 min followed by a 5 min 

dissociation period. At the end of the 5 min period, a 75 µg/mL solution of sheep anti-

mouse IgG(Fc) antibody (The Binding Site) was passed over the flow cells for 2 min at a 

flow rate of 10 µl/min. After a 70 s dissociation period, the chip surface were regenerated 

using a 30 second pulse of 50 mM HCl, a 30 second pulse of 100 mM EDTA in 20 mM 

Tris, pH 7.4, and 30 second pulse of 50% acetic acid followed by a 1 minute injection of 

Tris-buffered saline, pH 7.4. Non specific binding was subtracted and data analysis was 

performed using the BIAevaluation 4.1 software. The reported response units for the IgG 

specific values are the difference between the average value of a 5 second window taken 

60 seconds after the end of the anti-IgG injection and the average value of a 5 second 

window taken 10 seconds before the beginning of the anti-IgG injection. 

Pseudovirus neutralization assay 

Neutralization assays were performed as described above. 

PBMC neutralization assay 

PBMC, collected from HIV-negative donors and cryopreserved, were used as 

assay targets to determine HIV-1 neutralization. This assay uses replication-competent 

HIV-1 infectious molecular clones (IMC) containing a Renilla reniformis luciferase 
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(LucR)-expressing HIV-1 reporter gene; viral production is measured with a 

luminometer [74]. Sera were titered in 4-fold serial dilutions starting at 1:20 dilution in 

IL-2 growth medium [RPMI-1600 with 100 U/ml penicillin,100 µg/ml streptomycin, 2 

mM L-glutamine (Quality Biologics Inc.), 15% fetal calf serum (Gemini Bio-Products), 

and 20 U/ml recombinant interleukin-2 (Roche Diagnostics)] and 25 µl was added in 

duplicate to a 96-well round-bottom plate. IMC, diluted in IL-2 growth medium to a 

dilution optimized to yield ~50,000 RLU, was added in equal volume to each well. The 

samples were incubated at 37°C in a humidified 5% CO2 incubator for 1 h. All 

incubations were under these conditions. PHA/IL-2 stimulated PBMC were resuspended 

at 2x106 cells/ml in IL-2 growth medium then 50 µl was added to each well. Each plate 

included wells with cells and IMC (virus control) or cells alone (background control). 

Plates were incubated for 24 h, 100 µl of growth medium was added to each well and 

then plates were incubated for an additional 72 h. Renilla Luciferase Assay System 

(Promega) was used to quantify luciferase production. Lysis buffer, 50 µl/well, was 

added and two freeze/thaw cycles were performed, 20 µl/well was transferred to a black, 

flat-bottom plate and RLU in each well were measured immediately after injection of 100 

µl substrate. The percent inhibition due to the presence of the antibody was calculated by 

comparing RLU values from wells containing antibody to well with virus control. Two 

independent assays were performed and the results were averaged. 
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Results 

Section 1. Characterization of breadth and potency of MPER-directed antibodies 

 The breadth and potency of 2F5 and 4E10 were assessed against of a panel of 56 

pure-subtype international HIV-1 isolates to determine their neutralization efficacy 

compared to two gp120 bnAbs. Epitope mutation and occlusion were explored as reasons 

for neutralization resistance. The effect of CD4-binding on MPER accessibility, for both 

neutralization sensitive and resistant isolates, was determined. Finally, a panel of twelve 

HIV-positive plasma samples was characterized to determine the neutralization potency 

of MPER-directed antibodies elicited during the course of infection. Epitope-specific 

neutralization was compared to overall neutralization capacity of the plasma sample. 

Characterization of 2F5 and 4E10 neutralizing activity 

A panel of 56 HIV-1 isolates was used to characterize the neutralization breadth 

and potency of 4E10 and 2F5. Isolates were chosen from six major HIV-1 subtype: nine 

from subtype A, 10 from subtype B, 10 from subtype C, nine from subtype D, eight from 

CRF01_AE and 10 from CRF02_AG (Table 1). Envelope genes were sequenced to 

confirm the isolates were selected from pure-subtype infections. The antibody 

concentration required to inhibit 50% of viral growth (IC50) was calculated, reported 

values are the mean of two independent, concordant assays (values are within 5-fold 

range). Two gp120 antibodies were used for comparison; 2G12 binds to mannose 

moieties and b12 binds to the CD4-binding site (Figure 8). 
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Figure 8. Neutralization profile of four bnAbs: a) 4E10, b) 2F5, c) 2G12 and d) b12 
against HIV-1 isolates from subtype A, B, C, D, CRF01_AE and CRF02_AG. 
 
 4E10 and 2F5 are broadly and potently neutralizing antibodies. 4E10 neutralized 

88% of the HIV-1 isolates tested, neutralizing viruses from every subtype with an 

average neutralizing titer of 4.3 µg/ml. 2F5 neutralized 55% of all isolates tested, 

including isolates from all subtypes except subtype C; isolates from subtype C do not 

contain the 2F5 epitope due to mutation. The average neutralizing titer for 2F5 was 3.7 

µg/ml. b12 and 2G12 were found to be less broad, neutralizing 41% and 20% of isolates 

respectively. 

In this panel of viruses, excluding the subtype C isolates which do not contain the 

2F5 epitope, the neutralization profiles of 2F5 and 4E10 were linked. Of the 46 non-

subtype C isolates, 36 had 2F5 and 4E10 IC50 values (29 neutralization-sensitive (+) 

A.!

C.!

B.!

D.!
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isolates and 7 neutralization-resistant (-) isolates) that were within a five-fold range, 

the acceptance criteria for concordance within this assay. Two isolates were both 

neutralized by 2F5 and 4E10 but were not concordant; the ranges in 4E10 and 2F5 IC50 

values for these two isolates were 6.1- and 9.9-fold. The remaining eight isolates were 

neutralized by 4E10 but not 2F5. Sequence analysis of the discordant pairs (4E10-

neutralization sensitive and 2F5-neutralization resistant), identified mutations in the 2F5 

binding site (Table 3, Figure 9).  

 

Table 3. MPER Sequence variability in 4E10- and 2F5- neutralization sensitive and 
resistant HIV-1 isolates.  

 

 

 

 

 

 

 

 

 

 

Percentage of Isolates with Mutation

2F5 4E10 E L D K W A S L W N W F D I T

- - 86 0 0 14 0 0 29 0 0 43 0 0 71 0 29

- + 63 0 25 57 0 25 0 0 0 0 0 0 63 0 13

+ + 61 0 0 3 0 3 19 0 0 19 0 0 26 3 19

2F5 4E10Neut. Sensitivity
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Figure 9. 2F5 amino acid sequences of 4E10- and 2F5- neutralization sensitive and 
resistant HIV-1 isolates. 
 

Seven isolates were resistant to 2F5 and 4E10-mediated neutralization. The 2F5 

epitopes were intact in all but one isolate; the 4E10 epitopes had a greater percentage of 

amino acid deviations in the asparagine residue. To determine if these epitopes were 

accessible on the viral surface, HIV-1 capture assays were performed using 2F5 and 4E10 

as targets. Four neutralization-sensitive and four neutralization-resistant isolates, two 
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each from subtype A and B, were tested for their ability to be bound by 2F5 and 4E10. 

4E10, and to a lesser extent 2F5, has been shown to bind to lipids within the viral 

membrane. Antibody interaction with viral constituents other than gp41 MPER was 

determined by capture of two viral particles that contain the HIV-1 core but do not 

contain the HIV-1 envelope proteins gp120 or gp41. One viral particle was pseudotyped 

with vesicular stomatitis virus envelope (23.5% similarity to HIV-1 reference strain 

HXBII and does not contain HIV-1 MPER epitope) the other virus-like particles did not 

contain envelope protein (Bald). Antibody capture of HIV-1 was determined by 

quantifying the amount of antibody-bound p24 core protein, a standard method for HIV-1 

quantitation. 

 Antibody capture of HIV-1 correlated significantly with the neutralization 

sensitivity of the HIV-1 isolate to the capture antibody (p=0.029) (Figure 10 A and B). 

Viruses that were neutralization-sensitive were captured; viruses that were neutralization-

resistant were not captured. On average 4E10 captured more viral particles than 2F5 and 

also captured a minimal level of all nonspecific and neutralization-resistant viruses. 
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Figure 10. 2F5 (A) and 4E10 (B) capture of HIV-1 isolates and nonspecific viral 
particles. Effect of sCD4 binding on virus capture by 2F5 (C) and 4E10 (D). 
 
 To determine if CD4 binding triggers a conformational change that exposes the 

MPER epitope, HIV-1 isolates were pre-incubated with soluble CD4 (sCD4) and the 

capture assays were repeated. For this virus panel, virus capture was not significantly 

effected by pre-incubation of HIV-1 with sCD4 (Figure 10 C and D). This indicates that 

neutralization-resistant isolates do not display the MPER epitope in a way that is 

accessible to antibody binding; this accessibility does not change upon receptor-binding 

conformational changes within HIV-1 envelope. MPER-directed antibodies are 

ineffective against these isolates, which represent 12.5% of this panel, from subtypes A, 

B and D. Alignment of the neutralization-resistant to neutralization-sensitive envelope 

genes does not provide insight into the inaccessibility of this epitope. 

A.! B.!

D.!C.!

A.! B.!

D.!C.!
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Characterization of MPER-directed neutralizing activity in vivo 

MPER-directed neutralizing antibodies elicited during the course of HIV-1 

infection were measured. Neutralization breadth and potency of 12 HIV-positive patient 

plasma samples were assessed against 11 HIV-1 isolates from subtypes A, B and C 

(Figure 11). Novel HIV-2/HIV-1 chimera viruses were used to assess MPER-specific 

neutralization. The chimeric viruses contain HIV-2 envelope with HIV-1 MPER. 

Extensive studies have shown that antibodies that target the HIV-1 envelope do not cross-

react with the HIV-2 envelope [66,67,68,75,76]. Only antibodies that interact with HIV-1 

MPER should inhibit chimeric viral infection. The parental HIV-2 strain was used as a 

control to determine background neutralizing activity.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 11: Neutralization profile of 12 HIV-positive plasma samples against 11 HIV-1 
isolates from subtype A, B and C. Potency of MPER-directed antibodies measured by 
HIV-2 env/HIV-1 MPER chimera virus, shown as red triangle. 
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The HIV-positive plasmas have a range of potency against the MPER-chimeric 

virus. ID50 values, indicated by red triangles, range from <20 to 959 (Figure 11). 58% of 

plasmas were able to inhibit of MPER/HIV-2 infection at a dilution greater than 1:50. 

The 12 plasmas tested did not inhibit infection of the parental HIV-2, indicating the 

MPER-directed activity was being specifically detected (results not shown). MPER-

mediated neutralization does not correlate significantly with the overall neutralization 

breadth, determined by the percent of HIV-1 isolates neutralized (p=0.664), or potency, 

determined by the average ID50 (p=0.491). Individual 50780 has exceptional MPER-

specific potency (ID50 = 959) with modest overall neutralization activity (average ID50 

= 42). 

Section 2. bnAb Epitope Reconstruction 

Novel epitopes that bind specifically to MPER bnAbs, 2F5, 4E10 and Z13 were 

identified. The antibody-epitope interaction was characterized using antibody binding and 

competition assays. 

Selection of MPER epitopes 

MPER epitopes were selected by biopanning with phage-displayed peptide 

libraries against bnAbs 4E10, 2F5 and Z13. Two phage display random peptide libraries 

were used, Ph.D.12 and Ph.D.c7c, expressing linear dodecapeptides (Ph.D.12) or 

disulfide-constrained heptapeptides (Ph.D.c7c) fused to the minor coat protein g3p of 

M13 bacteriophage. Each library contained a complexity on the order of 109; roughly 50 

copies of every peptide were included in the initial selection.  
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Several biopanning strategies were used for peptide selection. 4E10, 2F5 and 

Z13 were targets for selection of binding phage. 4E10 was further used as a target to 

select phage-displayed peptide epitopes under competition with HIV-1 or sCD4-bound 

HIV-1. After three rounds of biopannng the selected phage were enriched in target-

specific phage-displayed epitopes, as indicated by the increased recovery (Table 4). 

Thirty clones from each pool were amplified and screened by ELISA for binding to 

specific target antibody and nonspecific gp120 antibody, 2G12 (results not shown). M13-

displayed epitopes with specific binding two times greater than nonspecific binding were 

sequenced. Non-repetitive sequences from each pool were aligned using ClustalW; 

MPER-homologous amino acids are highlighted in red (Table 5).  

 

Table 4: M13 recovery after consecutive rounds of biopanning. 

 

 

 

 

Target Library Selection Condition Round 1 Round 2 Round 3

Z13 12 Direct Binding 0.018% 1.000% 5.000%

Z13 c7c Direct Binding 0.034% 0.014% 0.500%

2F5 12 Direct Binding 0.054% 0.120% 6.200%

2F5 c7c Direct Binding 0.100% 0.180% 0.260%

4E10 12 Direct Binding 0.026% 0.100% 2.200%

4E10 c7c Direct Binding 0.016% 0.030% 0.030%

4E10 12 Competition with HIV 0.001% 0.020% 1.850%

4E10 c7c Competition with HIV 0.002% 0.002% 0.550%

4E10 12 Competition with HIV+sCD4 0.003% 0.011% 0.600%

4E10 c7c Competition with HIV+sCD4 0.002% 0.005% 1.450%

Percent Recovery
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Table 5: Non-repetitive sequences selected by bnAb biopanning. 
 
 
HIV-1 Envelope Sequences 

4E10-selected sequences were aligned with alternative HIV-1 epitope sequences 

previously shown to interact with 4E10, including the gp41 cytoplasmic tail, gp41 fusion 

peptide and gp120 N-terminal domain. The MPER epitope was the major epitope 

identified, however several epitopes shared some sequence homology with the alternative 

envelope sequences, as shown in Figure 12.  

 

Figure 12: Alignment of 4E10-selected Ph.D.12 sequences with all potential 4E10 HIV-1 
binding sites.  
 
Sequence Analysis of Epitopes Selected by Direct Binding 

2F5 and Z13 antibodies strongly selected three amino acid motifs, DKW and 

NxxDxT, 91% and 98% respectively of the selected M13-dispalyed epitopes including 

Unique 4E10-Selected Epitopes!
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those amino acids (Figure 13 A). Amino acids outside of the three amino acid motifs 

were not significantly homologous to the MPER, with on average 21% and 16% 

sequence homology for 2F5 and Z13 respectively. MPER homologous amino acids 

include all variants found in the consensus sequences of the major HIV-1 strains. 4E10 

antibody selected epitopes with a greater number of MPER homolgous amino acids with 

lower sequence identity. Six amino acids with 50% or greater homology (68% on 

average) were selected, NWFDxTxxL. The amino acids outside of this core epitope were 

not significantly homolgous to the MPER epitope.  

Sequence logos were used to further depict the amino acid conservation pattern of 

all sequences selected by direct binding to 2F5, Z13 or 4E10 (Figure 13 B). The height of 

the stack indicates the sequence conservation at that position; the height of the letter 

reflects the degree of amino acid conservation. Amino acids are colored according to 

their chemical properties: polar amino acids (G,S,T,Y,C,Q,N) are green, basic (K,R,H) 

blue, acidic (D,E) red and hydrophobic (A,V,L,I,P,W,F,M) amino acids are black.  
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Figure 13: Direct-binding selected epitopes displayed as A) the percentage of all epitopes 
containing MPER homologous amino acids and B) the amino acid logo of all selected 
amino acids. 
 

2F5 and Z13 maintain a minimal core epitope with most of the selected epitopes 

including three, four or five MPER homologous amino acids (Figure 14). 4E10 has a 

larger epitope, with the majority of selected epitopes including five, six or seven MPER 

homologous amino acids. While 4E10 appears to require more amino acids for efficient 

epitope binding, 25% of the selected epitopes contained only two MPER homologous 

amino acids. These M13-displayed epitopes appear distinct from the native HIV-1 MPER 

epitope and are therefore considered unique. Unique sequences were subjected to BLAST 

analysis to identify potential alternative viral or cellular proteins with which the epitopes 

might correspond. These epitopes did not correspond to any conserved sequence and are 

MPER: 
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thought to mimic a structural motif to with 4E10 binds. For this comparison the 

disulfide-constrained heptapeptide epitopes were excluded as they are less likely to 

represent the linear amino acid sequence than structural binding motifs. 

 

 

 

 

 

 

 

Figure 14: Number of MPER homologous amino acids per selected epitope. 
 

Analysis of the selected epitopes did not identify conserved motifs other than the 

core epitopes of the respective target bnAb. A unique M13-displayed 4E10 epitope, 12B2 

with sequence SVSVGMKPSPR, was previously identified by two independent research 

groups biopanning aginst two unrelated targets, a cerebrospinal fluid antibody from a 

patient with neurocysticercosis [77] and a mouse monoclonal antibody specific for 

meningococcal lipo-oligosaccharide [78].  

The effect of competition on epitope selection 

 Epitopes selected by 4E10 in the presence of HIV-1 or sCD4-bound HIV-1 were 

compared to those selected by direct binding to determine the effect of competition on 

biopanning. Competition increased selection of the core amino acids, NWFxxT, while 
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decreased selection of asparagine within the core (Figure 15 A). Competition also 

increased the number of homologous amino acids present in each selected epitope (Figure 

15 B). Epitopes selected in the presence of sCD4-bound HIV-1 contained a minimum of 

four core MPER amino acids; unique sequences were not selected. 

 

Figure 15: Effect of competition on 4E10 epitope selection. A) MPER homology by 
amino acid. B)Number of homologous amino acids. 
 
Relative affinity of M13-displayed epitopes for target antibody 

A subset of the select, high-binding or unique M13-displayed epitopes were 

expanded in large volume and PEG-purified for further characterization (Table 6). 4E10 

shows more variability in epitope recognition than 2F5 or Z13, therefore a larger number 

of epitope variants were selected for analysis.  Relative affinity and specificity of each 

M13-displayed epitope was determined by ELISA titration using target antibody 4E10, 

2F5 or Z13, and nonspecific gp120 antibody, 2G12. Reported values are the average of 

three independent experiments. M13-displayed epitopes bound with varying titers to the 

target antibody, ranging from 1.7x106 to 2.3x108 M13/ml for 4E10, 6.9x106 to 2.9x108 

M13/ml for 2F5 and 1.3x106 to 9.5x106 M13/ml for Z13 (Figure 16 A, B and C). Epitopes 

did not bind significantly to 2G12, binding titers were >2.5x109 M13/ml (data not 

A.! B.!
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shown). Control M13, which does not contain HIV-1 related insert sequence, did not 

bind to the antibodies. Endpoint binding titers were determined (Figure 16 D). 

 

 

 

 

 

 

 

 

 

 

 

 

Table 6: M13-displayed epitopes selected for further analysis. 
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Figure 16: ELISA binding curves for A) 2F5, B) Z13 and C) 4E10 M13-displayed 
epitopes against the respective target antibody. D) Calculated binding titers. 
 

2F5 and Z13 bound linear dodecapeptide epitopes with higher relative affinity 

than disulfide-constrained heptapeptide epitopes; the average binding titer was 10- and 

2.1-fold lower respectively. 4E10 showed the opposite trend, binding linear 

dodecapeptide epitopes with lower relative affinity than disulfide-constrained 

heptapeptide epitopes; the average binding titer was 8.3-fold lower.  4E10 binding titers 

of disulfide constrained epitopes were significantly higher than linear epitopes selected 

by direct binding (p=0.0095). Epitopes selected by direct binding were compared to those 

selected under competition with sCD4-bound HIV-1. On average the epitopes selected 

under competition had a 1.6-fold lower 4E10 binding titers. 

A.! B.!

C.! D.!
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Peptide competition of M13-displayed epitope antibody binding 

The M13 binding ELISA was modified to include peptide competition using 

MPER (LELDKWASLWNWFNITNWLWYIK) and scrambled nonspecific 

(LSINEAFKWLDWWTLNDLWYIWK) peptides. Peptide IC50s were calculated for 

each M13-displayed epitope. MPER peptide was able to compete for 2F5 epitope 

binding, however the same peptide was not able to compete for binding with Z13 

epitopes (Figure 17). The average 2F5 IC50 value was significantly lower than the 

average 4E10 IC50 value (p=0.0014), with no difference between disulfide-constrained 

and linear epitopes. 4E10 epitopes had a range of sensitivity to MPER peptide 

competition, with IC50s ranging from epitope 12B7 and 12D3 at >100 µg/ml to epitope 

12B3 at 2.3 µg/ml. M13-displayed 4E10 epitope binding was not inhibited by peptide 

containing sequences of alternative epitopes, including gp41 fusion peptide, gp41 

cytoplasmic domain and the N-terminal region of gp120 (data not shown). Nonspecific 

peptide was not able to compete for antibody binding with any of the epitopes, IC50 

>100 µg/ml (data not shown). 
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Figure17. Peptide inhibition curves for A) 2F5, B) Z13 and D) 4E10 along with D) 
calculated IC50 values. 
 
HIV-1 competition of M13-displayed epitope antibody binding 

HIV-1 capture assays were used to characterize the M13-displayed MPER 

epitopes’ ability to compete with the native HIV-1 epitope for antibody binding. The 

HIV-1 isolates used to determine epitope accessibility were tested. Assays were 

performed using HIV-1 or sCD4-bound HIV-1 as a binding competitor.  IC50s were 

calculated and M13-displayed epitopes were stratified by their ability to inhibit HIV 

capture. A range of competition was observed between HIV-1 and the M13-displayed 

4E10 epitopes (Figure 18 A). Several epitopes were able to inhibit capture of all HIV-1 

isolates tested while other epitopes were only able to inhibit capture of a few isolates. All 

M13-displayed 4E10 epitopes were able to compete for capture of VSV-pseudotyped 

A.! B.!

C.! D.!
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particles. There was no statistical difference in observed IC50 between HIV-1 strains 

tested in this experiment. Several M13-displayed 2F5 epitopes were also able to compete 

with HIV-1 for antibody binding, however IC50 values were much higher. 

 

 

 

 

 

 

Figure 18: HIV-1 capture competition assay showing A) calculated IC50s and B) percent 
change in IC50s when HIV-1 is sCD4-bound. 
 

The effect of HIV-1 sCD4 binding on competition was then determined. Binding 

competition assays were performed using HIV-1 pre-incubated with sCD4, the percent 

change in IC50 was calculated. In general, more M13 was required to achieve the same 

level of binding inhibition of HIV-1 in the presence of sCD4, shown as a positive percent 

A.!

B.!
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change in IC50 value (Figure 18 B). This indicates an increase in relative binding 

affinity of target antibody for HIV-1 in the sCD4-bound states even though overall level 

of HIV-1 binding is unaffected. Neutralization-sensitive subtype A HIV-1 isolates 

behaved significantly differently than other isolates tested (p=<0.0001). On average for 

4E10, sCD4-bound HIV-1 had lower IC50 values than unbound HIV-1, shown as a 

negative percent change (Figure 18 B). 

M13-displayed epitope characteristics described above, binding titer, and peptide 

and HIV-1 competition titers, do not correlate with MPER sequence homology or amino 

acid composition of selected sequence. Relative binding affinity of individual epitopes 

was predictive of their ability to compete with MPER peptide and HIV-1 for antibody 

binding (Figure 19). 

Figure 19: Correlation between relative binding affinity, peptide competition and HIV-1 
capture competition of M13-displayed 4E10 epitopes. 
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Structural Modeling of M13-displayed epitopes 

 Linear M13-displayed 4E10 epitopes were modeled using HHpred and secondary 

structure was predicted using JPred; epitopes were compared to the predicted structure of 

the HIV-1 4E10 epitope (Figure 20). The 4E10 epitope is thought to be a helical region 

containing a hinge [40]. The M13-displayed sequences were predicted to be either helical 

or unstructured; secondary structure predictions confirmed these results. Five of the ten 

epitopes are helical or contain helical regions; none of the epitopes align precisely with 

the 4E10 epitope.  
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Table 7: Structural modeling of linear 4E10 epitopes. 

Section 3. Analysis of epitope binding in HIV-positive plasma 

In this section, the MPER-specific M13-displayed epitopes were analyzed for 

their in vivo relevance during HIV-1 infection. Epitope-specific antibodies were 

identified by plasma immunoprecipitation, then neutralization inhibition assays were used 

to down-select epitopes that were capable of mitigating MPER-specific neutralization. 
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Plasma reactivity to M13-displayed epitopes was determined by 

immunoprecipitation of M13 with protein A-immobilized plasma IgG. The panel of HIV-

positive plasma samples used to characterize in vivo MPER-directed neutralization, was 

analyzed. Antibody-bound M13 were quantified by western blot using an infrared-labeled 

secondary antibody. Intensity values were normalized, reported values are the average of 

two independent endpoints with less than 5-fold difference (Figure 20). Background 

plasma reactivity for each epitope was determined using normal human plasma, shown as 

an x. Normal human plasma spiked with 25 µg/ml of 2F5, Z13 or 4E10 was used as a 

positive binding control, shown in green. Relative intensity units (RIU) less than five 

were determined to be nonspecific interactions. 

 

Figure 20: Identification of epitope-specific IgG present in HIV+ plasma samples; 
immunoprecipitation of M13-displayed epitopes by plasma IgG. HIV-positive plasma are 
stratified by neutralization potency, from weakly (purple), moderately (orange) to 
strongly (black) neutralizing. 
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M13-displayed Z13 epitopes were immunoprecipitated by the positive control 

but were not recognized by the HIV-positive plasma. M13-displayed 2F5 epitopes were 

immunoprecipitated by 58% of plasma samples, 42% for the disulfide-constrained 

epitopes and 33% for the linear epitopes. M13-displayed 4E10 epitopes were 

immunoprecipitated by 100% of the plasmas tested. Individual epitopes were recognized 

by a range, from 0 to 67%, of the plasma samples. 4E10 epitope 12B6 was the only 

epitope not immunoprecipitated by HIV-positive plasma. 4E10 epitope 12B2 had some 

degree of nonspecific reactivity with plasma, binding to three independent NHS samples 

with greater than five RIU. 4E10 epitope 12B3 was not immunoprecipitated by the 

positive control, NHS + 25µg/ml 4E10 (data not shown). 4E10 12B3 and several other 

M13-displayed epitopes that showed poor immunoprecipitation by the positive control 

were immunoprecipitated by 4E10 alone at 25ug/ml. Neutralization potency was not 

directly correlated to the presence of a single M13-displayed epitope. 

A trend was found between the number of M13-displayed epitopes recognized by 

the individual plasma and neutralization breadth and potentcy (not statistically 

significant). The greater the number of M13-displayed epitopes bound by plasma IgG, the 

greater the number of HIV-1 strains neutralized by the corresponding plasma (Figure 21 

A). There is also a trend observed between the number of M13-displayed epitopes 

recognized by the individual plasma and the potency of the anti-MPER response. The 

greater the number of M13-displayed epitopes bound by plasma IgG, the greater the ID50 

value against the HIV-2 env/HIV-1 MPER chimera virus (Figure 21 B). An immune 
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response that has diversified epitope recognition is more likely to have greater overall 

neutralization breadth and potency. 

Figure 21. Trend between percent of M13-displayed 4E10 epitopes  immunoprecipitated 
to plasma IgG and A) neutralization breadth and B) epitope-specific neutralization 
potency of corresponding plasma. 
 
Analysis of M13 neutralization competition 

2F5 and 4E10 M13-displayed epitopes were screened for their ability to reduce 

plasma-mediated neutralization of HIV-1 MPER. Plasma was diluted to 2xID50 and 

incubated with a single concentration of M13 before HIV-1 was added. The HIV-

2/MPER chimera was used to characterize only MPER-directed neutralization, 

eliminating neutralization from other antibody specificities. Nine of the twelve plasmas 

tested neutralized the HIV-2/MPER chimera sufficiency to be used for this analysis. 

Reported values are the mean of two independent assays. Plasma neutralization inhibited 

greater than 50% of viral infection; the fold reduction in neutralization mediated by the 

presence of M13 was determined (Figure 22). Several epitopes, shown on the left were 

not capable of mitigating neutralization. Antibodies that bind to these specificities may 

A.! B.!
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not recognize the functional HIV-1 envelope.  Eight of the M13-displayed epitopes are 

capable of inhibiting HIV-1 neutralization with a mean fold reduction greater than 1.25.  

 

 

 

 

 

 

 

 

 

 
Figure 22: Reduction in plasma neutralization using a single dilution of plasma and M13. 
 
 The eight M13-displayed epitopes with the greatest mean fold-reduction in 

neutralization were further characterized to determine their inhibitory effect on plasma 

ID50. A single M13 concentration was incubated with a titration of plasma, 2F5 or 4E10, 

shifts in ID50 or IC50 respectively were determined. MPER peptide and nonspecific, 

scrambled peptide were used to determine inhibitory effect of peptide on antibody-

mediated neutralization. Peptides were added to equal the number of M13 displayed 

epitopes or to 100-fold excess. The mean of three independent ID50 or IC50 values, 

standard error and the 95% confidence interval range are shown (Figure 23). 
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Figure 23: Inhibition of plasma: A) HIV+ B plasma pool, B) 50780, C) 1028 and D) 
50547 and bnAb: E) 4E10 and F) 2F5 neutralization by selected M13-displayed epitopes.  
Thin dashed lines indicate 95% confidence interval around uninhibited neutralization.  
 

Greater inhibition of neutralization was observed in the more potent plasma 

samples, HIV+ B plasma pool and 50780. Seven of the eight M13-displayed epitopes 

tested were able to inhibit neutralization of the potently neutralizing HIV-positive B 

pooled plasma (plasma ID50 = 340.2). No inhibition of neutralization was observed with 

the less potent plasma samples 50547 (plasma ID50 = 48.5). M13-displayed epitopes that 

are capable of inhibiting plasma ID50 to a range below the 95% confidence interval are 

effectively binding to and mitigating the activity of neutralizing antibodies present in the 

plasma. The five M13-displayed 4E10 epitopes and six M13-displayed 2F5 epitopes that 

inhibit plasma-mediated neutralization also inhibit neutralization by their respective 

bnAab. The control M13 did not inhibit neutralization; this indicates that the inhibition is 

due specifically to the MPER epitope displayed on M13. MPER peptide was also not 

capable of inhibiting neutralization even when the peptide epitope concentration was 100 

times greater than the M13-displayed epitopes concentration.  

Section 4. Immunogen Development 

Immunogenicity of the five M13-displayed 4E10 epitopes capable of inhibiting 

neutralization was evaluated in vivo. Thirty-five female BALB/C mice, seven groups of 

five animals each, were vaccinated with a single M13-displayed epitope, all five M13-

displayed epitopes or all five M13-displayed epitopes in combination with HIV-1 gp145 

envelope protein (Table 2). The gp145 envelope protein, from an acute clade C HIV-1 
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infection, has been shown to elicit neutralizing antibodies in rabbits (manuscript in 

preparation).  

Analysis of elicited cellular immune response 

Cellular immune responses elicited by vaccination were assessed by INFγ-release 

ELISPOT and intracellular cytokine staining (ICS) assays in both the spleen and lymph 

node. In these assays HIV-specific responses were measured after stimulation with HIV-1 

envelope proteins: gp145, gp140, gp41 or cathepsin degraded gp41. A response two-fold 

greater than the control group, mice immunized with M13 – no insert, was considered a 

positive response (Figure 24 and 25). ICS data was analyzed to determine CD3+CD4+ or 

CD3+CD8+ T-cell specific responses. 
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Figure 24: IFNγ ELISPOT results in the A) lymph node and B) spleen, shown as spot 
count after stimulation with HIV-1 antigen. 
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Figure 25: Detection of IL-2 expression by intracellular staining. 
 

In the INFγ-release ELISPOT assay, a single response was observed in all groups 

in both the lymph node and the spleen; the M13-all 5 immunized group, stimulated with 

gp140 in the lymph node and the gp145 immunized group, stimulated with gp145 in the 

spleen (Figure 24). Background responses to gp140 were high in the splenic T-cells. IL-2 

responses were observed by ICS for all groups against several HIV-1 envelope antigens; 

TNFα, CD107a and INFγ responses were not detected. Positive IL-2 responses were 

more frequent in the lymph node than in the spleen, 85% and 48% positive responses 

respectively but were lower in magnitude, 3.9-fold and 4.5-fold above control 

respectively. Positive IL-2 responses were more frequent in the CD4+ T-cell 

compartment than in the CD8+ T-cell. 73% and 60% positive responses respectively and 

were higher in magnitude, 4.5-fold and 3.8-fold above control respectively (Figure 25). 

Mice immunized with liposomes only did not have HIV-1 specific cellular responses. 

Analysis of elicted humoral immune response 

Humoral immune responses were analyzed by IgG binding ELISA, Biacore and 

by neutralization assays. Binding titers against gp145 and gp140 were determined for all 

groups (Figure 26). Animals immunized with gp145 or gp145/M13-all 5 produced 

antibodies with high titers gp145, average of 512000 and 409600 respectively, and gp41, 

average of 30400 and 43200 respectively; both groups had the highest titers to the gp145 

immunizing protein. The other groups did not have detectable binding titers in this assay 

with the exception of M13-all 5, which had a weak binding titer to gp145, average 1200. 
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Biacore was used to characterize epitope-specific IgG binding to MPER peptide in 

pooled serum; no binding was observed (data not shown).   

 

 

 

 

 

 

 

 

 

Figure 26: ELISA binding titers of all groups against HIV-1 envelope protein gp145 and 
gp140. 
 

Neutralization assays were performed using both TZMbl and PBMC as assay 

targets. Sera were titered against two neutralization-sensitive HIV-1 strains in both assay 

platforms and ID50 values were calculated (Figure 27). Animals immunized with 

gp145/M13-all 5 had the highest neutralization titers in both the TZMbl and PBMC 

assays, a 2.1- and 1.9-fold increase respectively over the gp145-immunized group. 

Animals immunized with a single M13-displayed MPER epitope, M13-12D4 and M13-

12B7, or multiple M13-displayed MPER epitopes (M13-all 5), also produced HIV-

neutralizing antibodies. All sera were screened against the HIV-2/MPER chimera and a 



   

 

70 
nonspecific viral control, MuLV, no neutralization was observed for either of these 

viruses.  

Figure 27: Neutralization results of all groups in two assay platforms, A) TZMbl and B) 
PBMC.

A.! B.!
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Discussion 

MPER-specific antibodies, 4E10 and 2F5, neutralize HIV-1 broadly and potently, 

as shown in figure 8. The neutralization capacity of these two mabs is greater than gp120-

specific bnAbs, b12 and 2G12, in agreement with previously published results [35]. 

MPER-mediated neutralization is observed against all subtypes of HIV-1; this region is 

critical for efficient viral infection and is therefore highly conserved among diverse 

isolates [40].  

There is debate in the field regarding the timing of MPER epitope exposure on 

HIV-1. Current models suggest CD4 receptor binding is necessary for full MPER epitope 

formation, requiring antibody to bind during the transient transitional state immediately 

before fusion [79,80,81]. In contrast to this model, we found MPER to be exposed on the 

surface of neutralization-sensitive HIV-1 isolates in both the native and sCD4-bound 

states, as shown in figure 10 C and D. MPER bnAbs did not bind neutralization-resistant 

HIV-1 isolates. However, antibody-binding affinity may differ between native and sCD4-

bound states, as M13-displayed MPER epitopes were less able to compete for antibody 

binding with HIV-1 in the sCD4-bound state, figure 18 B. 

Antibody binding to MPER relates directly to neutralization profile, shown as a 

correlation between virus capture and neutralization by MPER bnAbs in figure 10 A and 

B. This is consistent with the recent observation of Chakrabarti, et al where in antibody-

virus “washout experiments” MPER was found to be accessible for antibody binding in 

the native state of neutralization-sensitive but not neutralization-resistant HIV-1 isolates 

[82]. Conformational changes induced by receptor binding may improve MPER 
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accessibility [82,83], however MPER may not be available for antibody binding in 

neutralization-resistant isolates due of steric occlusion of the epitope [82] or because of 

epitope mutation [84,85]. In this study, MPER bnAb-resistant isolates were found to have 

a higher probability of MPER mutation than neutralization-sensitive isolates, shown in 

table 3 and figure 9. However, mutation studies, where the MPER of neutralization-

sensitive isolates are mutated to a neutralization-resistant genotype, were not performed 

to confirm this observation. 

4E10 has previously been shown to interact with HIV-1 envelope regions outside 

of the MPER [11,46], with membrane-associated lipids [86,87] and host cell proteins 

[41,87]. Virus capture assays confirm the interaction of 4E10 with non-envelope 

molecules, seen as capture of VSV-pseudotyped, bald and neutralization-resistant viral 

particles in figure 10. 2F5, which may have less lipid reactivity [86], does not bind these 

viral particles. The flexibility of 4E10 epitope recognition may contribute to its broad and 

potent neutralizing activity.  

Biopanning study results confirm the binding promiscuity of 4E10; this bnAb 

selected forty-six non-repetitive linear and ten non-repetitive disulfide-constrained 

epitopes, as shown in table 5. 4E10-selected epitopes were significantly more varied than 

2F5- and Z13-selected epitopes, which always contained the known core amino acids, 

figure 13. Several 4E10-selected epitope sequences had minimal sequence homology to 

MPER, including one epitope (12B2) that was previously identified by two independent 

groups using two unrelated targets [77,78,88]. Competition with HIV-1 or sCD4-bound 

HIV-1 drove the selection of epitopes with greater MPER homology. This biopanning 
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approach allowed for identification of a large number of MPER variants that bind 

specifically to the target MPER bnAb. The characterization of these epitope variants may 

provide greater insight into the binding and function of 4E10 than use of gp41 or native 

MPER peptide alone. 

4E10-selected epitopes bound specifically to target bnAb and with few 

exceptions, binding was inhibited by MPER peptide and native HIV-1, shown in figures 

17 and 18. BnAb binding of 2F5-selected epitopes were potently inhibited by linear 

MPER peptide while Z13-selected epitopes were not. Peptides representing alternative 

binding epitopes could not inhibit M13-displayed 4E10 epitope binding, indicating that 

the epitopes and peptides bound to distinct sites on the antibody or the peptides did not 

bind to 4E10 at all. It is possible that the non-homologous 4E10 epitopes represent 

unknown binding partners with binding sites that overlap the MPER binding site or 

represent a structural conformation of MPER. 

M13-displayed epitopes were found to bind target bnAbs with varying relative 

affinities, with significant differences between linear and disulfide-constained 

conformations, figure 16. For 4E10, binding titers of disulfide-constrained epitopes were 

found to be lower than titers of linear epitopes; the reverse was found for 2F5 and Z13. It 

has been previously suggested that upon binding MPER bnAbs modify the native MPER 

structure; 4E10 extracts the MPER epitope at a hinge region from the lipid bilayer, 2F5 

bind and reorients the N-terminal region and Z13 has little effect on native MPER 

structure [39,89]. The variation in binding titers may be reflective of the increased 

relative affinity for the antibody-bound structure of MPER. 
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Linear 4E10-selected epitopes were modeled to further understand the possible 

protein structures bound by 4E10, table 7. A crystal structure is available for M13 g3p 

protein, however the structure does not include the N-terminal region within which the 

epitopes are inserted. The best model was predicted based on structural elements of 

homologous proteins. Five out of the ten modeled epitopes were either helical or 

contained helical regions; the remaining epitopes were unstructured. Of the five helical 

epitopes only one had little sequence identity to the MPER region. None of the epitopes 

fully aligned with previously predicted MPER structures. It is possible that antibody 

binding to M13-displayed epitopes imposes additional structural changes not predicted 

here. The predicted epitope structure in the M13 g3p protein provides some insight into 

the MPER conformation recognized by 4E10. The variation in predicted structure gives 

further evidence to the binding flexibility of this antibody. The structure imposed by the 

M13 g3p on the bnAb-selected epitopes was required for antibody binding, as epitopes 

produced as linear or disulfide-constrained peptides were unable to bind to the target 

bnAb (data not shown).  

4E10 is a unique antibody that recognizes a broad range of epitope variants. 

MPER-specific antibodies develop during HIV-1 infection but they are rarely 

neutralizing [66]. Previous studies analyzing the humoral response to MPER have used 

gp41 protein [90], linear MPER peptide [91,92,93,94,95], or chimeric viruses [66] for 

IgG characterization. In these studies, MPER is represented as the native epitope 

sequence or alanine-scanning is used to identify critical amino acids within gp41. In this 
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study, we explored the diversity of response to MPER using the bnAb-selected epitopes. 

This allowed us to tease the humoral response to MPER into smaller specificities.  

HIV-1 infected individuals were found to generate unique MPER antibodies that 

bind to a range of epitope variants with specificities that overlap but are distinct from that 

of 4E10 and 2F5, as shown in figure 20. 4E10- and 2F5-like antibodies were found in 100 

and 55% of tested individuals, respectively. Z13-like antibodies were not identified. 4E10 

epitope variants bound by HIV-positive plasma included non-homologous 4E10 epitopes 

indicating these epitopes represent a form of viral structure. 

Over the course of HIV-1 infection MPER is presented in several structural states 

from native state, fusion-intermediates to post-fusion forms. Antibodies are elicited 

against the different MPER structures however not all antibodies are neutralizing. The 

majority of these antibodies target the post-fusion form of gp41 MPER, not the pre-fusion 

or neutralization-competent structures, and will not be protective against infection [21]. 

In this study, HIV-positive plasma was used to identify MPER variants that represent the 

neutralization-competent structure. Five 4E10-selected variants were capable of 

absorbing MPER-specific neutralizing antibodies in HIV-positive plasma, as shown in 

figure 23.  

M13-displayed 4E10 epitopes capable of inhibition neutralization varied in amino 

acid composition, length and MPER homology. Two M13-displayed epitopes contained 

the entire linear 4E10-binding site containing six (12D1) or nine (12D4) MPER-

homolgous amino acids. Two linear M13-displayed epitopes were unique sequences each 

having only two MPER-homolgous amino acids (12B6 and 12B7). One M13-displayed 
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epitope was disulfide-constrained and did not share linear sequence homology. Epitope 

sequence and predicted structure were not predictive of neutralization-inhibitory capacity. 

Additional studies would need to be performed to further characterize the unique 

structural properties of these M13-displayed MPER epitopes. 

Neutralization-competent MPER epitopes elicited HIV-specific immune 

responses in mice. Cellular immune responses were observed in all groups immunized 

with M13-displayed 4E10 epitopes or gp145 or both, shown in figures 24 and 25. IL-2 

production was detected by intracellular cytokine staining (ICS); IL-2 stimulates 

proliferation of responsive T-cells. INFγ production was not detected by ELISPOT, with 

the exception of one group against one antigen, or by ICS; TNF-α and CD107a were also 

not detected by ICS. The elicited cellular immune response was limited as only one 

immune mediator was detectable. Balb/c mice are known to preferentially develop T 

helper cell type 2 responses, which favor humoral immune responses over cellular 

immune responses [96]. Polyspecific cellular immune responses were therefore not 

expected. Differences in cellular responses were not observed between gp145 and 

gp145/M13 immunized mice.  

Immunization with MPER epitopes in conjunction with gp145 envelope protein 

boosted the neutralizing antibody response by 2-fold compared to gp145 alone, shown in 

figure 27. Immunization with M13-displayed 4E10 epitopes alone elicited neutralizing 

antibodies with low titers. IgG from gp145 immunized groups bound to HIV-1 envelope 

antigens gp145 and gp41; IgG from M13 (without gp145) immunized animals did not 

(figure 26). Small sample volumes limited the number of experiments performed in this 
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immunogenicity study. Additional neutralization assays would be needed to calculate 

statistical differences between groups. 

MPER-specific binding antibodies were not detected in any of the immunized 

mouse serum. Several methods were used to characterize the MPER-IgG response (data 

not shown). MPER peptide was used to detect binding antibody in a standard ELISA 

format as well as by surface plasmon resonance measurement by Biacore. Biacore 

analysis is better suited for use of hydrophobic peptides than standard ELISA however 

binding IgG was not detected using either method. MPER-specific neutralizing 

antibodies were assessed using the HIV-1/MPER chimera virus; neutralization was not 

observed. It is possible that the neutralizing IgG elicited by immunization with M13-

displayed 4E10 epitopes do not cross-react with the native peptide or chimeric viral 

epitope. 

Overall this approach was successful at identifying novel MPER epitopes that can 

elicit and boost HIV-specific humoral and cellular immune responses in mice. In 

hindsight there are several modifications that I would make to the experimental design to 

potentially improve the study outcome. Firstly, the M13 random peptide libraries used 

here display the insert epitopes as fusion proteins within the g3p minor coat protein for 

which there are five copies per phage. G3p is the most commonly used protein for phage 

display, however other libraries are available using the M13 g8p or T7 phage, which have 

a greater number of displayed epitopes per phage.  Immunization of mice with a low 

epitope to phage ratio may have resulted in lower anti-HIV immune responses than if the 

mice were immunized with a higher epitope to phage ratio.  
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Initial study plans involved the production of gp41 protein constructs that 

included the MPER epitopes selected by phage display. Selected epitopes when produced 

as peptides were no longer able to bind the target antibody, indicating the g3p protein was 

imposing an epitope structure that was required for binding. Removal of the epitope from 

the M13 context would alter its immunogenicity; this required us to immunize with M13 

directly. An alternative approach to increase HIV-1 epitope copy number while 

maintaining the imposed epitope structure would be to produce g3p with selected insert 

sequences as a fusion protein. This approach has been shown to maintain the N-terminal 

structure of g3p [97], however this was not tested in this study. 

Secondly, M13-displayed HIV-1 MPER epitopes were shown to boost the 

neutralizing antibodies responses 2-fold when used in conjunction with a gp145 protein. 

Neutralization was HIV-1 specific, however there is some doubt as to the contribution of 

the M13-displayed epitope in this response. Immunization with gp145 and M13 that does 

not contain an MPER insert would have been a more appropriate control to confirm the 

role of the M13-displayed epitopes. 

There are many applications of this experimental approach. In this study, MPER 

bnAbs 4E10, 2F5 and Z13 were used as target antibodies, however other gp41 or gp120 

bnAbs could be used. This approach is well-suited for characterization of loop regions 

such as the V3 or V1/V2 loops of HIV-1 gp120, both regions are critical vaccine targets 

[98,99]. Pathogens other than HIV-1, perhaps with lower sequence variability, may also 

be well suited for this approach [100]. Multiple phage-displayed HIV-1 epitopes could 

also be used as a multivalent vaccine, incorporating both gp120 and gp41 targets. By 
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targeting several critical HIV-1 regions at once, there’s a greater chance of producing a 

broader protective immune response. 

HIV-positive plasma was used to select M13-displayed epitopes that present HIV-

1 MPER in a pre-fusion or neutralization-competent structure. However, characterization 

of the plasma itself provides insight into the variability of the immune response to 

MPER. Using this approach, research into the in vivo response to MPER could be 

expanded to answer many questions. In this study, chronically, subtype B infected 

individuals were characterized. Additionally, chronological plasma samples, starting 

from acute infection, could be studied to identify the initial MPER variants recognized by 

the immune system and to characterize the diversification of the response over time. Non-

subtype B HIV-positive plasma could also be studied to identify epitope-specific 

differences between subtypes. 

This research approach identified novel, neutralization-competent MPER epitope 

variants that were effective at eliciting and boosting anti-HIV-1 immune responses in 

mice. Phage-displayed epitopes can rapidly and inexpensively be selected and can 

provide epitope-specific depth and variation to HIV-1 vaccine designs without requiring 

modification to major vaccine components.  
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