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Abstract

HIV neutralizing antibodies (nAbs) represent an important tool in view of prophylactic and therapeutic applications for HIV-
1 infection. Patients chronically infected by HIV-1 represent a valuable source for nAbs. HIV controllers, including long-term
non-progressors (LTNP) and elite controllers (EC), represent an interesting subgroup in this regard, as here nAbs can
develop over time in a rather healthy immune system and in the absence of any therapeutic selection pressure. In this
study, we characterized two particular antibodies that were selected as scFv antibody fragments from a phage immune
library generated from an LTNP with HIV neutralizing antibodies in his plasma. The phage library was screened on
recombinant soluble gp140 envelope (Env) proteins. Sequencing the selected peptide inserts revealed two major classes of
antibody sequences. Binding analysis of the corresponding scFv-Fc derivatives to various trimeric and monomeric Env
constructs as well as to peptide arrays showed that one class, represented by monoclonal antibody (mAb) A2, specifically
recognizes an epitope localized in the pocket binding domain of the C heptad repeat (CHR) in the ectodomain of gp41, but
only in the trimeric context. Thus, this antibody represents an interesting tool for trimer identification. MAb A7, representing
the second class, binds to structural elements of the third variable loop V3 and neutralizes tier 1 and tier 2 HIV-1 isolates of
different subtypes with matching critical amino acids in the linear epitope sequence. In conclusion, HIV controllers are a
valuable source for the selection of functionally interesting antibodies that can be selected on soluble gp140 proteins with
properties from the native envelope spike.
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Introduction

NAbs against HIV-1 have been associated with protective

immunity in numerous animal studies including the simian/

human immunodeficiency virus (SHIV) macaque model [1–9] and

transgenic humanized mice [10–14]. Very recently, broadly

neutralizing antibodies were shown to even contribute to the

control of viremia in macaques chronically infected by HIV-1 in a

therapeutic setting [15,16]. Furthermore, a number of broadly

neutralizing monoclonal Abs (bnmAbs) targeting critical epitopes

involved in HIV-1 entry have been isolated from patients with

chronic HIV-1 infection (for review see [17]). The original set of

four well characterized bnmAbs (b12 [18], 2F5 [19], 4E10 [20]

and 2G12 [21,22]) has been rapidly expanded during the last few

years by direct cloning from Env-specific B-cells from chronically

infected patients with bnAbs in plasma [23–29]. These much more

potent mAbs essentially target four regions in the native trimeric

Env spike, which is composed of three heterodimers of the outer

envelope glycoprotein gp120, non-covalently linked to the

transmembrane protein gp41: the CD4 binding site, variable

loops V1/V2 and V3 in gp120 often implicating glycan structures,

and the membrane proximal external region (MPER) in gp41

[17].

Characterization of the identified bnAbs often revealed unusual

structural features as well as a high extent of mutations in the

complementary determining regions (CDR) resulting from affinity

maturation for evolving Env antigens [30]. Therefore, bnAbs need

time to develop and, if present, are found in chronically infected

patients after several years of infection [31]. HIV controllers are a

promising source for the identification of nAbs, as here they have

time to develop and mature over years in a rather uncompromised

immune system and in the absence of therapeutic selection

pressure. We previously identified LTNP and EC with neutralizing

activity in plasma and dissected the humoral immune response
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based on phage libraries displaying short peptides [32] or longer

HIV-1 Env fragments [33]. This allowed the identification of new

linear and conformational epitopes able to induce neutralizing

antibodies upon vaccination in mice [32,34,35].

In this study we aimed at characterizing Env-specific antibodies

present in the plasma of one of our LTNPs. An immune scFv

phage display library was generated from LTNP MH03 with nAbs

in plasma and screened with soluble gp140, which contains gp120

and the ectodomain of gp41, i.e. lacking the transmembrane and

the intracellular domains of gp41. Soluble gp140 molecules are

able to form trimeric complexes that have previously been shown

to better mimic native Env spikes than monomeric gp120 in terms

of their antigenicity and immunogenicity [36–45]. Furthermore,

gp140 immunogens structurally ressemble native trimeric enve-

lope spikes by displaying a similar quaternary architecture [40].

Here we successfully used soluble gp140 from the ADA.C1 strain

immobilized on beads to select and further characterize two

interesting scFv antibody fragments form a phage library

generated from LTNP MH03, a neutralizing V3-specific antibody

and a trimer specific gp41 antibody.

Materials and Methods

Patient Sample and Ethics Statement
The patient sample MH03 is part of a study approved by the

Ethics Commission of the section of Medicine of the Johann

Wolfgang Goethe University of Frankfurt am Main, Germany. He

gave his written consent. The patient has been infected with HIV-

1 subtype B before 1986, had a viral load ,50 copies/mL over

years and CD4+ cell counts always .600/mL in the absence of any

antiretroviral therapy (ART) [32]. The plasma of the patient had

neutralizing activity against a panel of recombinant reporter

viruses with env derived from primary HIV-1 strains on

U87.CD4.CCR5 cells with reciprocal IC50 values ranging from

35 to 2,200 [32]. The patient did not have the ccr5 D32 bp

deletion, but carried the HLA-B*5701 allele overrepresented in

LTNPs [46,47].

Generation of a scFv Phage Library from Patient MH03
Lymphocytes were isolated from patient MH03 by the Ficoll-

Hypaque method (Pan Biotech, Aidenbach). mRNA was isolated

using the QuickPrep mRNA Purification Kit (GE Healthcare,

München). cDNA was synthesized using Superscript II (Invitro-

gen), random hexamer oligonucleotide primers and ,100 ng

mRNA. Antibody gene fragments were amplified as previously

described and cloned into the pHAL14 vector [48]. After

electroporation into electrocompetent XL1-Blue MRF’ cells, the

colonies were resuspended in 40 ml 26YT medium, aliquoted

(1 mL) and either used for glycerol stocks by addition of 50% (v/v)

glycerin in PBS or for packaging by superinfection with

Hyperphage. 1.2561010 scFv-vector containing bacterial cells

were infected with 2.561011 Hyperphage particles [49,50] and

incubated at 37uC for 30 min without shaking followed by

incubation at 37uC for 30 min with shaking (250 rpm). The scFv-

phages in the bacterial supernatants were precipitated with 20%

(w/v) PEG/2.5 M NaCl solution on ice and resuspended with

PBS. Phage titration was done as described before [51]. The scFv

display rate of the packaged libraries was controlled by 10% SDS-

PAGE, Western-Blot and anti-pIII immunostain (mouse anti-pIII

1:2000, goat anti-mouse IgG AP conjugate 1:10000).

scFv Selection on Soluble gp140 (Biopanning)
Lectin-purified ADA.C1 gp140 (5 mg for 56107 beads, see

below) was immobilized on magnetic tosyl-activated beads by

rotating o.n. at 4uC according to the instructions in the manual

(Invitrogen). Coupling to beads was verified by FACS analysis with

Env-specific antisera (FACS Calibur). For negative selection, beads

were incubated with lectin-purified supernatant from CHO cells

stably tranfected with the empty vector. For screenings, beads

were washed five times with 0.25% (w/v) gelatin/0.5% Tween-20

(v/v) in PBS (PBSGT) and blocked at 37uC for 2 h with 0.25%

gelatine in PBS (PBSG). 1010 scFv-phages were added to control

beads for 2 h at room temperature. After magnetic separation,

supernatants were removed, added to the ADA.C1 coated beads

and incubated at 4uC o.n. under rotation. Beads were washed five

times with PBSGT and the phages were eluted with trypsin (1%

w/v) for 30 minutes at 37uC. The eluted phages (190 mL) were

incubated with 20 mL of a freshly grown XL1-Blue MRF culture

for 30 min at 37uC, centrifuged (5 min at 2,000 rpm), the pellet

resuspended in 200 mL of medium and plated o.n. at 37uC on a

large agar plate (26YT/100 mg/mL glucose/50 mM ampicillin).

The remaining 10 mL phage solution was used for titering. The

bacterial clones were resuspended in 5 mL 26YT medium,

pelleted and either used for preparation of glycerol stocks or for

packaging as described above. Infected cells were harvested by

centrifugation for 10 min at 3,2206g and the pellet was

resuspended in 30 mL 26YT supplemented with 100 mg/mL

ampicillin and 50 mg/mL kanamycin. Antibody phage were

produced at 30uC and 250 rpm for 16 h. Cells were harvested

by centrifugation for 10 min at 3,2206g. The supernatant

containing the antibody phage (,161012 cfu/mL) were directly

used for the next panning round. Three selection rounds were

performed.

Colony PCR and Sequence Analysis of scFv-fragments
For genetic analysis of the selected scFv, the recombinant

vectors were analyzed by colony PCR using the primers

MHLacZ_f (59-GGCTCGTATGTTGTGTGG-39) and

M96pIIIrev (59- CCC TCA TAG TTA GCG TAA CG-39).

PCR-conditions were: 95uC for 30 sec, 51uC for 30 sec, 72uC for

2 min, with a total of 40 cycles. PCR products were purified

(Macherey-Nagel Nucleo, Düren, Germany) and sequenced with

the same primer pair on an ABI PRISM 310 Genetic Analyzer.

Sequences were uploaded to the VBASE2 database (www.vbase2.

org) to determine the composition of the gene fragments and the

divergence from the respective germline sequences (germinality

index) [52].

scFv and scFv-Fc Expression and Purification
ScFv fragments were purified via His-tag affinity chromatogra-

phy. The scFv encoding bacterial XL1-Blue MRF culture was

induced with 50 mM IPTG for 3 h at 250 rpm at 30uC. The

bacterial pellet was resuspended in ice-cold PE-Buffer (pH 8, 20%

(w/v) sucrose, 50 mM Tris, 1 mM EDTA) and centrifuged at

20,0006g for 30 min. The supernatant was dialyzed against PBS

(Servapor dialysing tube, 12–14). Chelating Sepharose Fast Flow

(Amersham) was incubated with nickel sulfate solution (0.1 M

NiSO4) and washed with PBS. Afterwards, the sepharose was

incubated with the dialyzed scFv supernatant at 4uC for 30 min.

After several washing steps, scFv were eluted with 0.1 M EDTA

and dialyzed against PBS at 4uC o.n.

ScFv were cloned into the pCMV-hIgG1-Fc-XP vector [53] to

express scFv-Fc antibodies and were analyzed by PCR with

primers pCMVfor (59-CGC AAA TGG GCG GTA GGC GTG-

3) and pCMVrev (59-CCA GGA GTT CAG GTG CTG-39).

ScFv-Fc were expressed in 293T cells after transient transfection

with 10 mg/plate scFv-Fc encoding vectors. 293T cell supernatants

were incubated with protein A agarose (Pierce), eluted in several

gp140 Antibodies Selected from a scFv Library from an LTNP
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fractions with elution buffer (0.1 M citric acid, 0.1 M Tri-sodium

citrate, pH 2.5) and neutralized with 2 M Tris, pH 9. Pooled

fractions were centrifuged and concentrated with 30 kDa cut-off

amicons (Millipore).

Expression and Purification of Soluble gp140 Env from
HIV-1 ADA.C1

CHO-Lec3.2.8.1 cells stably expressing HIV-1 ADA.C1 gp140

were obtained from Ellis Reinherz [54]. Here, soluble gp140 is

expressed from the pEE14 vector (Lonza) containing a Kozak

sequence and the tissue plasminogen activator (tPA) leader peptide

upstream of the gp140 sequence, which consists of the entire

gp120 ADA (1–477) and the gp41 ectodomain (478–632).

Additionaly, a mutation (R477S) inhibits furin cleavage of gp120

and truncated gp41. Gp140 expression and purification was

performed as previously described [54]. Briefly, 56106 CHO cells

stably transfected with the ADA.C1 encoding vector were grown

in 40 mL GMEM medium (Sigma; 4 mL dialysed FCS without

glutamine, 0.8 mL 50x nucleosides, 0.4 mL non essential amino

acids, 0.4 mL L-glutamate/L-asparagine, 0.4 mL sodium pyru-

vate, 0.2 mL penicillin/streptomycin (0.5%), 50 mL MSX (L-

methionin sulfoximin) until confluent and then cultured for 6 days

in fresh medium with 4 mM sodium butyrate at 37uC and 5%

CO2. Supernatants were harvested, centrifuged (20 min at

4,000 rpm), filtered (0.22 mm, Nunc) and a protease inhibitor

cocktail (Sigma) was added. A column with Galanthus nivalis lectin

agarose beads (Sigma) was used to bind glycosylated gp140 o.n. at

4uC at a flow rate of 0.1 mL/min. After washing, bound gp140

was eluted with 500 mM methyl-a-D-manno-pyranoside. Frac-

tions were pooled and concentrated with 100 kDa cut-off

centricons (Millipore). Protein concentration was measured by

nanoDrop.

Western Blot
Lectin-purified gp140 ADA.C1 was separated by 8% SDS-

PAGE in loading buffer without DTT for 1 h at 130 V. After

transfer onto a nitrocellulose membrane and blocking with 5%

MPBST for 1 h at room temperature, the membrane was

incubated with the primary antibody (1:10,000 dilution in 5%

MPBST) o.n. at 4uC. After 3 washes with PBST, the secondary

antibody was added (1:5,000 dilution in 5% MPBST) for 1 h at

room temperature. Detection was performed with the ECL

Western blot detection kit (Thermo Scientific).

Immunoprecipitation
5 mg of purified scFv antibody fragments were amino-linked to

20 mL activated agarose beads and washed according to the

manufacturer’s protocol (Thermo Scientific). Beads were incubat-

ed with 1000 mg lectin-purified ADA.C1 for 24 h at 4uC with

rocking. After washing, the ADA.C1 antigen was eluted in several

fractions with glycin/HCl and immediately neutralized with 1 M

Tris, pH 9.5. Fractions from washing and elution steps were

resolved on 8% SDS-PAGE and analyzed by Western blot. HIV-

positive sera and the Env trimer-specific Md-1 antibody were used

for detection.

ELISA
96 well plates (Greiner) were coated with 200 ng lectin-purified

gp140 protein/well in PBS o.n. at 4uC. After washing with 3 ml/

well 0.5% Tween 20 in PBS (PBST), the wells were blocked with

5% skimmed milk powder PBST (MPBST) for 2 h at 37uC. After

washing again as above, plates were incubated with antibody

(1:2,000 dilution in 5% MPBST) o.n. at 4uC. Again the plates were

washed and incubated with HRP-conjugated secondary antibody

(1:1,000 dilution in 5% MPBST) for 1 h at room temperature.

TMB substrate (KPL) was added at 100 ml/well and stopped with

1 N HCL (100 ml/well). Read out was at 450 nm and 650 nm as

reference.

ELISA with solubilized and denatured gp41 was performed by

pretreatment with 1% SDS and 50 mM DTT at 95uC for 5 min

before coating on a 96 well plate. Washing, blocking and detection

were performed as described above.

For phage ELISA, plates were coated and blocked as described

above. 50 mL of phage supernatants from clones obtained after the

third selection round and packaged in a 96 well plate formate were

added o.n. at 4uC. Bound phages were detected with an HRP

labelled anti-pVIII coat protein mAb (1:5,000 dilution in 5%

MPBST, GE Healthcare).

Reactivity of scFv with gp120 and gp140 was evaluated by

incubating with 50 ml/well scFv supernatant from XL-1 scFv

expressing cells. Washing, blocking and detection were performed

as described above.

To determine potential autoreactivity of the scFv-Fc A2 and A7

antibodies we used commercial ELISAs from Biorad for

Cardiolopin and for phosphatidylserine with the included controls

according to the manufacturers instructions.

Expression and Detection of Env on 293T Cells by FACS
293T cells were transfected with plasmids M118 encoding JR-

FL Env [55]and pRC-CMV-Rev1b (Alex Balazs, Caltech)

encoding Rev in HEPES/CaCl2 (Sigma). Two days after

transfection, cells were washed and resuspended in PBS.

1.26105 cells were transfered to FACS vials, washed and stained

with antibodies (final concentration 2.7 mg/mL) for 1 h in the dark

at 4uC. After washing, the secondary antibody (goat anti-human

IgG, PE labeled, Jackson) was added 1:100 for 1 h at 4uC. Finally,

cells were washed and resuspended in 200 mL 4% PFA for FACS

analysis.

Peptide Arrays
Overlapping peptides (18 mers, 9 mers and 7 mers) of the

gp120 or the gp41 ectodomain were synthesized by Fmoc

chemistry with activated PEG spacers on cellulose membranes.

Automated parallel peptide synthesis was performed on a Multi-

Pep RS instrument (Intavis) [56].

Membranes were rehydrated, washed and blocked with 5% (w/

v) MPBST for 1 h at room temperature. This was followed by

incubation with scFv-Fc antibody (1:2,000 dilution in 5% MPBST)

at 4uC o.n. and subsequent washing steps with 0.5% Tween-20/

PBS and incubation with HRP-conjugated anti-human antibody

(1:1,000 dilution in 5% MPBST). Detection was performed with

the SuperSignal West ECL Kit according to the manufacturers

instructions (Thermo Scientific).

Neutralization Assays
Neutralization studies were performed as described previously

[33]. Briefly, standardized HIV-1 pseudoviruses were used on

TZM-bl cells [57,58]. Serial dilutions of scFv-Fc antibodies were

preincubated for 90 minutes at 37uC with the pseudovirus stocks

before addition to TZM-bl cells. Infection was performed in a 96-

well plate for 48 h in triplicates. Relative luminescence units

(RLU) were then determined in the cell lysates and the 50%

inhibitory dose (IC50) was determined compared to virus only

controls.

gp140 Antibodies Selected from a scFv Library from an LTNP
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Statistical Analysis
Graph Pad Prism 6 was used to perform graphs including mean

and standard deviations (SD) (GraphPad Software Inc., La Jolla,

CA). Two way ANOVA Tukeys multiple comparison was used for

statistical analysis.

Results

Generation of a scFv Phage Library from LTNP MH03
A scFv library was generated starting from peripheral blood

mononuclear cells (PBMC) from patient MH03. RNA was reverse

transcribed into cDNA, which served to amplify variable light (VL)

regions from k and l chains and variable heavy (VH) regions by

PCR. First the VL repertoire was cloned into the pHAL14 vector

[48] followed by VH repertoire cloning. The library size resulted

in 46106 independent clones for the k library and 26106

independent clones for the l library. After packaging with

Hyperphage [49,50] we obtained phage titers of 2.161011 for

the k library and 4.661011 for the l library. Library packaging

was controlled by anti-pIII immunoblot (data not shown).

Expression and Characterization of Soluble ADA.C1
gp140 from Transfected CHO Cells as Target for Phage
Display Screenings

We expressed soluble ADA.C1 gp140 from CHO cells to be

used as target for the selection of Env-specific scFv from LTNP

MH03. We analyzed supernatants of transfected CHO cells by

Western blot to determine the protomeric composition of the

gp140 molecules present. Both, crude supernatants and lectin-

purified gp140 contained monomeric, dimeric and trimeric gp140

(Fig. 1A). The trimeric version was specifically detected by mAb

Md-1 [R.E. Myers, obtained from NIH AIDS reagent program].

The gp140 fractions were further analyzed for binding of a

number of well characterized mAbs, including some with

conformation-sensitive epitopes, by ELISA (Fig. 1B). The mixture

of monomeric, dimeric and trimeric gp140 reacted with all linear

and conformation-sensitive mAbs tested including PG9, but not

with the related PG16, which very rarely binds to soluble gp140 by

ELISA [59]. We therefore decided to use this antigenic gp140

mixture without further purification as target for our phage display

screenings of the MH03 scFv library. Thus, epitopes occluded by

trimerization would be accessible on the monomeric form and

quaternary epitopes would be exposed on the trimeric form.

Characterization of scFv from LTNP MH03 Selected with
Immobilized gp140 ADA.C1

After one negative selection and three rounds of positive

selection with soluble ADA.C1 gp140 immobilized on beads, scFv

phages were tested by ELISA for specificity of gp140 binding. In

parallel we tested the corresponding scFv fragments alone, i.e.

outside the phage context. Six scFv showed strong specific

reactivity with gp140, both in and outside the phage context

(Fig. S1).

Sequencing of the six scFv vector inserts revealed two different

sequences: scFv A7, B11, C8 and G5 were identical and scFv A2

and H7 were identical (Fig. S2). A further scFv, G4, only consisted

of the variable region of the light chain and the C-terminal

CDRH3 region of the heavy chain. This scFv was not analyzed

functionally due to its poor expression rate. All scFv sequences

were further analyzed by VBASE2 to determine the composition

of immunoglobuline gene segments [60]. For the scFv A7 set the

heavy chain was composed of IGHV5–51*01, IGHD4–17*01 and

IGHJ3*01 or IGHJ3*02 and the light chain of IGLV3–1*01 and

IGLJ2*01, IGLJ3*01 or IGLJ3*02. ScFv A2 consisted of the heavy

chain IGHV1–46*01, IGHD3–10*01inv and IGHJ5*02 and the

light chain IGLV2–8*01 and IGLJ1*01. The light chain of scFv

G4 contained IGLV3–21*03 and IGLJ2*01 or IGLJ3*01. Thus,

different gene segments were used for the selected scFv except for

the J segment of the scFv A7 set and scFv G4, which were

identical. Based on the sequence analysis, scFvA7 and A2 do not

show extensive affinity maturation features, which are often seen

in bnAbs like extended HCDR3 loops or a high degree of affinity

maturation. The HCDR3 length is 12 aa for scFv A7 and 13 aa for

scFv A2. The germinality index, i.e the deviation from the

corresponding germline sequences, was 83% and 85% for the

heavy and light chain respectively of scFv A7 and 92% and 97%

for VH and VL of scFv A2. Thus, scFv A7 shows a certain degree

of affinity maturation, as scFv from naı̈ve libraries usually show

more than 95% identity to the germline sequences [52]. We

analyzed complete scFvs further with respect to their binding

properties for different Env constructs as well as for their

neutralizing activities: scFv A7 as representative of the A7, B11,

C8 and G5 set and scFv A2 as representative of the A2, H7 family.

Binding Specificity of scFvs A2 and A7 for Different HIV-1
Env Constructs

We tested several gp120 and gp140 constructs for binding of

scFvs A7 and A2 by ELISA (Fig. 2A). Interestingly, whereas scFv

A7 reacted with monomeric gp120 as well as with the soluble

Figure 1. Characterization of soluble lectin purified ADA.C1 gp140 glycoproteins. (A) Western blot detecting ADA.C1 Env glycoprotein
with anti V3 mAb 447-52D and trimer-specific mAb Md-1. CHO-neg corresponds to the supernatant of CHO cells transfected with empty vector and
used as negative control for biopanning. (B) Binding of various mAbs directed against linear and conformational Env epitopes and HIV-positive sera
to immobilized ADA.C1 determined by ELISA. Each sample was tested in duplicates and error bars represent standard deviations of the mean.
doi:10.1371/journal.pone.0097478.g001
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gp140 molecules, scFv A2 only showed strong reactivity with

gp140 Env. This could either mean that the epitope of scFv A2 is

localized within the gp41 ectodomain, which is absent in gp120, or

that this antibody recognizes trimeric Env present in the gp140

fractions. In order to distinguish between these possibilities, we

performed ELISAs with gp41 proteins derived from two HIV-1

strains under native and denaturing conditions. Whereas mAb 2F5

recognizing a linear epitope in the membrane proximal external

region (MPER) of gp41 reacted both, with monomeric and

trimeric Env, scFv A2 only recognized two different gp41

molecules under non-reducing conditions (Fig. 2B). Thus, scFv

A2 specifically recognizes the trimeric version of gp41.

To further prove the specificity of scFv A2 for trimeric gp140,

we immunoprecipitated soluble gp140 ADA from culture super-

natants with scFv A2 coupled to a resin. Fractions eluted from the

resin and control fractions were analyzed by Western blots reacted

with HIV-positive serum to identify all eluted gp140 forms and

mAb Md-1 for trimer-specific recognition (Fig. 2C). Based on the

reactivity with mAb Md-1, the eluted fractions E1–3 only

contained the trimeric form of ADA gp140 proving the specificity

of scFv A2 for immunoprecipitation of trimeric Env. Furthermore,

the scFv-Fc A2 antibody also recognized native HIV-1 JR-FL Env

on the surface of 293T cells transiently transfected with the

corresponding gp160 plasmid (Fig. 3).

The epitope recognized by scFv-Fc A2 was mapped based on

the reactivity with a set of overlapping 18 mer peptides derived

from the ectodomain of gp41 from the ADA strain on peptide

arrays (Fig. 4). The epitope is located at the pocket-binding

domain (PBD) of the C-terminal heptad repeat (CHR), which

contacts a conserved hydrophobic pocket in the N-terminal heptad

repeat (NHR) to stabilize the six-helix bundle formation enabling

Figure 2. Recognition of Env proteins from different constructs by the selected scFv. (A) Binding of the two antibody classes scFv A7 and
A2 to gp140 and gp120 Env proteins determined by ELISA. Detection was with anti c-myc antibody (300 ng/well) and HRP conjugated anti-mouse
antibody (1:1,000). (B) Reactivity of scFv-Fc A2 with SDS and DTT treated and non-treated gp41 Env proteins by ELISA. Each sample was tested in
triplicates and error bars represent standard deviations of the mean. Significance analysis was performed with two way ANOVA Tukeys multiple
comparison test. (D) Immunoprecipitation of gp140 ADA.C1 protein from culture supernatants on scFv A2 coupled beads. Fractions of scFv A2 and
gp140 flow through (FT), washing (W1-W4), elution (E1–E3) and control resin were analyzed by Western blot with HIV-positive serum (upper panel)
and trimer-specific mAb Md-1 (lower panel).
doi:10.1371/journal.pone.0097478.g002

Figure 3. Recognition of native gp160 JR-FL Env on cells.
Binding of scFv-Fc A2 and A7 as well as control antibodies to 293T cells
transfected with JR-FL Env (black) or mock transfected (gray) by FACS
analysis. Detection of bound antibodies was with a PE labeled
secondary anti-human IgG antibody. Percent PE-positive cells are
shown together with the secondary antibody only control. Each
antibody was tested in triplicates and error bars represent the standard
deviation of the mean.
doi:10.1371/journal.pone.0097478.g003
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membrane fusion [61]. The epitope sequence ‘‘1WMEWEREIE9’’

corresponds to the N-terminus of the CHR derived C34 peptide

that potently inhibits fusion (Fig. 4) [62,63]. Interestingly, the

epitope amino acid W1 corresponding to the ‘‘a’’ site in the alpa-

helical wheel of CHR that interacts with the amino acid Q at the

‘‘e’’ site of the NHR in the six helix bundle [64] is critical for the

recognition by scFvA2-Fc (Fig. 4). Amino acid I9, which also

corresponds to an ‘‘a’’ site critical for interaction with the

corresponding ‘‘e’’ site in NHR, is essential for recognition by

scFv A2-Fc. Thus, six helix bundle formation may be a

prerequisite for scFvA2-Fc binding enabling the critical juxtapo-

sition of the key epitope in the trimeric context. Of note, the amino

acid W1 is conserved in all HIV-1 gp41 sequences in the Los

Alamos HIV sequence database 2012 (http://www.hiv.lanl.gov)

and I9 is only very rarely substituted for ‘‘V’’ underlining the

functional importance of these amino acids.

The breadth of reactivity of scFv-Fc A2 for a set of soluble

gp140 proteins derived from different HIV-1 subtypes was

analyzed by ELISA (Table 1). Seven of 15 gp140 Env proteins,

all HIV-1 subtype B, reacted with scFvA2-Fc, 5 of which had only

one amino acid exchange at the most C-terminal position of the

epitope (E9-.D or N). The two other reactive gp140 had an

additional mutation, E3-.Q or E5-.D. All eight non reactive

gp140 had 3 or more mutations in the scFvA2 epitope and

correspond to non-B HIV-1 subtypes.

To identify the epitope of scFv-Fc A7, we analyzed its reactivity

on peptide arrays with overlapping 18 mer peptides derived from

gp120 of HIV-1ADA. This clearly localized the epitope in the V3

region (Fig. 5A). Fine mapping on arrays with V3 peptides with

alanine modifications (Ala walk) or other amino acid substitutions

identified the epitope for scFv A7 as ‘‘1K S I/V H/T/R I G/A

P7’’ (Fig. 5B, C). Whereas the amino acid K1 is absolutely essential

for the reactivity with scFv-Fc A7 and even cannot be substituted

by the related amino acid arginine, more freedom is tolerated at

the other positions of the epitope, in particular at position H4,

which is often associated with antibody escape. This is also

reflected in ELISAs with a set of soluble gp140 proteins from

different HIV-1 subtypes, where the exchange of K1-.R in the

V3 epitope results in the absence of reactivity with scFv-Fc A7

(Table 2). Besides that, exchange of H4 for P in combination with

I5 M (B.700010040_C9 140C) or a total of five mutations present

in the SIVcpz epitope are not tolerated.

Figure 4. Epitope analysis of scFv-Fc A2. Schematic representation of functional domains of gp41: fusion peptide (FP), N-terminal heptad repeat
(N-HR, in blue), C-terminal heptad repeat (C-HR, in green) and membrane proximal external region (MPER). The pocket-forming sequence in the N-HR
domain and the pocket-binding domain (PBD) and lipid-binding domain (LBD) in the C-HR domain are underlined. Small letters ‘‘a’’,’’d’’ in C-HR and
’’e’’ and ‘‘g’’ in N-HR mark interacting amino acid residues during 6 helix bundle formation. Sequences of N36, T20 and C34 petides as well as the scFv-
Fc A2 epitope, as derived from the peptide array, are indicated. Further the schematic view of the gp41 6 helix bundle (top view) is depicted at the
bottom.
doi:10.1371/journal.pone.0097478.g004
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Both, scFv-Fc A7 and A2 did not show autoreactivity with

cardiolipin and phosphatidylserine by ELISA (Fig. 6).

scFv-Fc A7 Neutralizes Strains with Conserved Epitope
Sequences

The neutralizing capacity of scFv-Fc A7 was analyzed by in vitro

neutralization assays using a panel of standardized Tier 1 and Tier

2 HIV-1 pseudovirions on Tzm-bl cells. Whereas scFv-Fc A2 had

no neutralizing activity against this panel below 1 mM (data not

shown), scFv-Fc A7 neutralized pseudovirions depending on the

sequence of the A7 epitope (Table 3): two tier 1 strains with 100%

epitope match (SS1196.1 and Bal26) were neutralized with an

IC50 of 1.7 and 18 nM, respectively. The tier 2 strain TRJO4551

with 100% epitope match was neutralized with an IC50 of

626 nM. Mutations at position H4 did not alter much the

neutralization sensitivity of tier 1 and tier 2 strains compared to

strains with unmutated epitopes: tier 1 strain SF162.LS (H4-.T)

was neutralized with an IC50 of 1.1 nM and tier 2 strains

RHPA4259.7 (H4-.N) and CH110.2 (H4-.N) were neutralized

with IC50 of 784 nM and 645 nM, respectively. However, if in

addition position K1 was mutated (K1-.R in Tier 2 WITO4160)

the IC50 increased to .1,000 nM. This underlines the impor-

tance of K1 for the A7 epitope, as already deduced from the

peptide arrays.

Discussion

Neutralizing antibodies are clearly associated with protection

from HIV-1 infection [65], however, recent publications also

suggest a potential beneficial role of these antibodies in chronic

infection. A study by Klein and coworkers showed suppression of

viral load by a combination of five very potent bnmAbs in a

therapeutic setting in a humanized transgenic mouse model. Here,

antibody treatment after established infection suppressed viremia

below the detection limit for at least 60 days after the last

treatment [66]. The therapeutic efficacy of neutralizing antibodies

during chronic infection was very recently verified in two SHIV/

macaque studies [15,16]. These promising studies showed that

bnmAbs can also act after infection by controlling the viremia and

rose the question of a potential contribution of bnAbs in

containing viremia in infected persons. In the past, several studies

trying to answer this question led to controversial results. Although

generally no correlation was found between the titers of nAbs and

disease progression, a few studies suggest that neutralizing

antibodies may contribute to the control of viremia: first, depletion

of B-cells by rituximab in an HIV positive person with

lymphoplasmacytoid lymphoma led to a reduction of autologous

virus neutralizing antibodies accompanied by an increase in viral

load [67]. After recovery of nAbs viral load dropped again

indicating a clear inverse correlation of neutralizing antibody titers

and viral load. Schmitz and coworkers also observed an inverse

correlation between neutralizing antibody titers and viral load in

rhesus monkeys infected by SIV after B-cell depletion following

Table 1. ELISA reactivity of scFv-Fc A2 with a set of gp140 proteins.

clade isolate epitope reactivity

consensus M CON-S 140CF WMEWEREIN +

A 00MSA-4076 140CF WMQWDKEVS 2

A con-03 140CF WLQWDKEIS 2

A 92RW020(VRC-A)140CFI WLQWDKEIS 2

B 700010040_C9 140C WMEWEREID +

B 902114_B2_140C WMQWEREID +

B 624008_TA5_140C WMEWEREID ++

B con env-03 140CF WMEWEREID +

B VRC_B_140CFI WMEWDREIN +

B control ADA WMEWEREIE ++

C DU123.6 140CF WMQWDREIS 2

C 1086C _140C WMQWDREIN 2

C 089C 140C.pep WMQWDREID 2

G DRCBL 140CF WIEWEREID 2

SIV SIVcpzUS-1 140CF WQEWDRKVR 2

2, +, ++ indicate no binding, binding and strong binding to scFv-Fc A2, respectively. Amino acid positions changed with respect to the original epitope WMEWEREIE on
the peptide arrays are underlined.
doi:10.1371/journal.pone.0097478.t001

Figure 5. Epitope fine map of scFv-Fc A7 on 18 mer, and 7 mer
peptide arrays. (A) 18 mer overlapping peptides of the ADA V3
epitope were incubated with scFv-Fc A7 identifying ‘‘KSIHIGP’’
(underlined) as core epitope. (B) Further fine mapping of the core
epitope was analyzed via stepwise alanin substitutions in the 7 mer
epitope. (C) Variations with 1, 2, 3 and 5 amino acids in the core epitope
were analyzed for scFv-Fc A7 binding.
doi:10.1371/journal.pone.0097478.g005
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the acute phase of infection [68]. Concerning HIV-1 controllers,

in a previous study we compared the neutralizing activities in

plasma samples from a well defined group of LTNP and a control

group of more recently infected persons with progressive disease,

but with comparable viral load and CD4 count [32]. We detected

statistically significant better neutralization titers against a set of

viruses in the LTNP sera compared to the control group

suggesting that bnAbs may potentially contribute to contain

viremia in these particular LTNP, in which we could exclude

virological and cellular factors as cause for non-progressive disease

[46].

In this study, we now identified and characterized the Abs

present in one of those LTNPs, MH03, by screening a phage

library generated from this patient, which displayed his antibody

repertoire in a scFv formate, with soluble gp140 derived from

HIV-1ADA [54]. The lectin purified soluble gp140 fraction

contained a mixture of monomeric, dimeric and trimeric Env

allowing presentation of potential target epitopes in different

contexts including the trimeric Env form mimicking best the native

spike on HIV-1 virions. The presence of the trimeric form was

proven by Western blot of HIV-1ADA.C1 gp140 reacted with the

trimer-specific mAb Md-1 (Fig. 1A). The antigenic integrity of the

gp140 constructs was reflected by good reactivity with a set of well

characterized mAbs, some of those targeting conformational

epitopes, by ELISA. With the exception of PG16, which very

rarely reacts with soluble gp140 by ELISA [59], all other mAbs

including the related PG9 showed very good reactivity with

gp140ADA.C1. Thus, the soluble fractions of gp140ADA.C1 were

used to select antibody fragments from LTNP MH03 from a scFv

phage library generated from his B cells.

The selected scFv phages as well as the corresponding purified

scFvs alone strongly bound to gp140ADA.C1 by ELISA. Based on

the sequences of the most reactive scFv, these could be allocated to

two groups, one represented by scFv A7 and the other by scFv A2.

ScFv A2 recognizes an epitope localized in gp41, which is only

recognized in the trimeric context. This was proven on Western

blots of soluble gp140 from ADA.C1 immunoprecipitated with

scFv-Fc A2, where only the trimeric form was eluted, as detected

with human HIV-positive serum and trimer-specific Md-1 mAb

(Fig. 2). ScFv-Fc A2 also recognized native Env expressed on the

surface of cells transfected with HIV-1 JR-FL env constructs (Fig. 3).

The high background observed with mock-transfected cells for

scFv-Fc A2, but also for mAbs 2F5 and 4E10 known for their

autoreactivity, prompted us to analyze the reactivity of our new

antibodies with cardiolipin and phosphatidylserine by ELISA. No

autoreactivity was detected in these ELISAs for scFv-Fc A2 and

A7, whereas, as expected mAb 4E10 showed strong autoreactivity

with phosphatidylserine and cardiolipin (Fig. 6). Thus, currently

the high background reactivity observed here is still unknown.

The epitope sequence of scFv A2 comprising the amino acids
1WMEWEREIE9 in the pocket binding domain of the CHR is not

very well conserved except for the underlined hydrophobic aa

Table 2. ELISA reactivity of scFv-Fc A7 with a set of gp140 proteins.

clade isolate epitope reactivity

consensus M CON-S 140CF KSIRIGP ++

A 00MSA-4076 140CF KSVHIGP ++

A con-03 140CF KSIRIGP ++

A 92RW020(VRC-A)140CFI KGVRIGP ++

B 700010040_C9 140C KSIPMGP 2

B 902114_B2_140C KSIHIAP ++

B 624008_TA5_140C KGIHIGL ++

B con env-03 140CF KSIHIGP ++

B VRC_B_140CFI KSIHIGP ++

B control ADA KSIHIGP ++

C DU123.6 140CF KSIRIGP ++

C 1086C _140C KSIRIGP ++

C 089C 140C.pep RSIRIGP 2

G DRCBL 140CF RSVAIGP 2

SIV SIVcpzUS-1 140CF GNVQLGP 2

2, +, ++ indicate no binding, binding and strong binding to scFv-Fc A7, respectively. Amino acid positions changed with respect to the original epitope KSIHIGP on the
peptide arrays are underlined.
doi:10.1371/journal.pone.0097478.t002

Figure 6. Analysis scFv-Fc A2 and A7 for autoreactivity against
cardiolipin and phosphatidylserine. Autoreactivity of purified scFv-
Fc A2 and A7 was analyzed by commercial ELISA (Bio-Rad) using the
internal positive and negative control sera. mAb 4E10 was added as
positive control and mAb 447-52D as negative control (each 100 mg/
mL). Each sample was tested in duplicates and error bars represent the
standard deviations of the mean.
doi:10.1371/journal.pone.0097478.g006
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residues, which dock into the deep pocket in NHR (Fig. 4) [64].

W1 is absolutely conserved among all published HIV-1 sequences

and is critical for stabilizing the six-helix bundle formation

necessary for fusion. The same is true for I8, which is only very

rarely substituted by valine. W1 and I8 are absolutely essential for

recognition by scFv-Fc A2 and represent aa in CHR making

contacts to aa in NHR in the six-helix bundle structure. This may

suggest that six-helix bundle formation is a prerequisite for scFv-Fc

A2 binding and provide an explanation why this antibody is

trimer-specific. However, other amino acids in the WMEWER-

EIE epitope are also important for antibody recognition, like M2

or E3, which are often substituted in non-B HIV-1 subtypes.

Consequently, scFv-Fc A2 only recognized 7 of 15 gp140

constructs by ELISA, all of which were subtype B (Table 1).

Thus, the trimeric context as well as linear motifs within the

epitope seem to be important for recognition.

Interestingly, the scFv A2 epitope is contained within the

epitope of mAb P2D2, which also recognizes gp140 in the trimeric

context [69]. Of note, mAb P2D2 is a murine antibody cloned

from hybridomas after immunization of mice with soluble gp140

from HIV-1 SF162. In contrast, scFv A2 was derived from a scFv

library generated form one of our LTNPs. Although scFv-Fc A2

must not necessarily represent a naturally occurring human

antibody due to potential unnatural pairing of heavy and light

chains during the phage library construction, trimer-specific

human mAbs have been identified previously, that target the C-

HR domains in gp41 [70,71]. Thus, such gp41 antibodies are also

generated during natural infection induced by the native trimeric

Env spike and are not antigenic ‘‘artefacts’’ selected on soluble

gp140 immunogens. This is also underscored by the fact that scFv-

Fc A2 also recognized native Env on transfected cells (Fig. 3).

However, in contrast to the human mAb 126-6 and the murine

mAb NC-1, which target cluster II regions in C-HR of gp41, scFv

A2 targets a more N-terminal region in the PBD region. Due to

the fact that the fusion process is common to all HIV-1 strains and

that the pocket domain plays an important role in stabilizing the 6

helix bundle necessary for fusion, further investigation has to

figure out whether antibodies against the PBD of gp41 may inhibit

HIV-1 entry. In our study, scFv A2 did not show neutralizing

activity against the tested isolates at concentrations below 1 mM

and it also lacks major deviations from the germline sequence,

which are often found in bnAbs. Of note, the murine mAb P2D2

with an epitope spanning the A2 epitope is also not neutralizing.

The epitope of scFv A7 could be mapped to the V3 region in

gp120 based on its reactivity with HIV-1 Env peptide arrays. The

immunodominant V3 region comprises conserved structural

features despite variable amino acid composition, which is due

to structural constraints imposed by its implication in coreceptor

binding and virus entry [72–75]. Consequently, antibodies against

V3 often show broad neutralizing activity across clades, when they

target conformation-dependent epitopes [76–80]. Indeed scFv-Fc

A7 showed potent neutralizing activity in the nanomolar range

(IC50 ,2 mg/mL) against Tier 1 strains. Against Tier 2 strains the

neutralizing potency was much lower (IC50 between 36 and

110 mg/mL) depending on the mutations within the epitope

(Table 3). Interestingly, the antibody gene fragments used in scFv

A7 exactly correspond to those most abundantly found in

neutralizing V3 antibodies, i.e. the variable heavy chain VH5-51

paired with the variable light chain VL3-1 [76]. The VH5-51

chain used in 18 of 51 (35%) V3 antibodies, in combination with a

lambda chain (preferentially VL3-1 and VL1-47), defines a

conserved antigenic structure in V3 which is recognized by these

mAbs [81]. The antibody contact residues within this conserved

antigenic structure in the V3 crown have been defined [81] and

four of those are contained in the epitope of scFv A7 (K1, I3, H4

and I5). Except K1, which is localized in the N-terminal band of

V3, the other contact residues in the scFv A7 epitope are localized

in the N-terminal circlet next to the GPGR b-turn motif in the

crown. Similarly, the corresponding contact residues in the CDR

regions of VH5-51 and VL3-1 V3 antibodies identified in the

Gorny study from 2011, which are conserved in the corresponding

germline genes, are also found at the corresponding positions in

our scFv A7 (marked in Fig. S2). Thus, scFv A7 belongs to a group

of V3 mAbs recognizing structural elements N-terminal to the V3

crown and according to the epitope sequence recognized is most

closely related to mAb 2257 [82], mAb 311-11D [83]and mAb

41148D [84], which are also neutralizing. These antibodies share

most of their antibody gene segment composition (www.hiv.lanl.

gov/content/immunology) and critical amino acids, which have

been identified as important V3 contact residues ([81]; Fig. S2).

Table 3. IC50 values of scFv-Fc A7 with a panel of tier 1 and tier 2 pseudoviruses in neutralization assay on tzm-bl cells.

Clade Tier Isolate Epitope IC50 (nM) IC50 (mg/ml)

B 1 Bal.26 KSIHIGP 18 2.0

B 1 SS1196.1 KSIHIGP 1.7 0.19

B 1 SF162.LS KSITIGP 1.1 0.12

A 1 MS208.A1 KSVRIGP 567 62.4

B 2 REJO454.67 KSIHIAP 333 36.6

B 2 WITO4160.33 RSINIGP .1000 .110

B 2 TRJO4551.58 KSIHIGP 626 68.9

B 2 RHPA4259.7 KSINIGP 784 86.2

A 2 Q769.d22 KSIHLGP 359 39.5

A 2 Q23.17 KSIRIGP 783 86.1

C 2 DU156.12 KSVRIGP 530 58.3

C 2 DU422.1 KSVRIGP 725 79.7

BC 2 CH110.2 KSIRIGP 645 70.9

Pseudoviruses were preincubated with serial dilutions of scFv-Fc A7 before transduction of TZM-bl cells. Each sample was tested in triplicates and mean IC50 values are
indicated.
doi:10.1371/journal.pone.0097478.t003
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Interestingly, this type of structural V3 antibodies is induced

independently of the infecting HIV-1 subtype, as our scFv A7 is

derived from an individual infected with HIV-1 subytpe B,

whereas mAb 2257 originates from a patient from Cameroon

infected with CRF02_AG.

In this study we could select two interesting scFv, A7 and A2,

from LTNP MH03 on gp140 preparations from ADA.C1

containing a mixture of trimeric, dimeric and monomeric

uncleaved Env proteins. It is remarkable, that scFv-Fc A7

recognizes an epitope in V3, which is highly similar to a mimotope

that we previously selected from a random peptide phage library

with IgG from the same patient (6x KXXHXGP and 1x

KXIXXGP). However, although scFv-Fc A7 shows neutralizing

activity, it probably does not represent the entire neutralizing

activity of the parental plasma. The fact that we ‘‘missed’’

additional nAbs may be due to the presence of different antigenic

structures in our uncleaved gp140 preparations. Very recently

soluble uncleaved gp140 trimers of the subtype A BG505

SOSIP.664 have been shown to be very heterogeneous and that

cleavage is necessary to obtain homogeneous trimers that better

mimic native spikes [85]. The cryo-EM and the crystal structure of

these trimers have been recently elucidated as well, allowing new

insights into trimer assembly and trimer-dependent epitopes

[86,87]. Thus, in the future cleaved well defined gp140 SOSIP

constructs may be most appropriate for the selection of broadly

neutralizing antibodies from patients or immunized animals.

The antibodies identified here are similar, but different, to

related antibodies described previously recognizing either V3 or

trimeric gp140 (see above) and may thus contribute to further

elucidate structural features of their target epitopes and recogni-

tion. In particular scFv-Fc A2 targeting a conserved pocket

binding domain in gp41, but only in HIV-1 subtype B, in the

trimeric context may be useful to delineate subtype specific

differences in this functionally important gp41 domain.

Supporting Information

Figure S1 Reactivity of the selected scFv-phages and the
corresponding soluble scFv with ADA.C1 Env protein.
Binding of the selected phages A2 and A7 on ADA.C1 coated

plates (200 ng/well) by ELISA. Cut-off represents control scFv-

phage and scFv (D1.3 against lysozyme). ScFv-phages were

detected with an HRP-conjugated anti-M13 antibody, whereas

scFv were detected with a mouse anti c-myc antibody (300 ng/

well) and a secondary anti-mouse HRP-conjugated antibody

(1:1,000).

(TIFF)

Figure S2 Sequence alignment of the scFv selected from
the LTNP MH03 phage library. Alignments of the scFv

sequences revealed three different antibody classes, one compris-

ing A7, B11, C8 and G5, the second comprising A2 and H7, while

the third (G4) lacks most of the variable heavy chain depicted by

dashed lines and was not further evaluated due to low expression.

Complementary determining regions (CDRs) of the heavy (H1,

H2, H3) and light (L1, L2 and L3) chains are marked in grey

boxes. The linker sequence is shown in blue. Red boxes mark

common contact residues of VH5–51 anti-V3 antibodies in

complex with V3 antibodies as described in [81].

(JPG)
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thanks go to Ralf Dürr for helpful discussions. This project was supported

by the Dr. Bodo Sponholz Foundation. The Georg-Speyer-Haus is

supported by the Federal Ministry of Health and the Ministry for Higher

Education, Science and the Arts from the state of Hessen.

Author Contributions

Conceived and designed the experiments: UD MH. Performed the

experiments: MT SW SA JK. Analyzed the data: MT SW JK MH HvB

UD. Contributed reagents/materials/analysis tools: HvB MH. Wrote the

paper: UD MT MH.

References

1. Baba TW, Liska V, Hofmann-Lehmann R, Vlasak J, Xu W, et al. (2000)

Human neutralizing monoclonal antibodies of the IgG1 subtype protect against

mucosal simian-human immunodeficiency virus infection. Nat Med 6: 200–206.

2. Ferrantelli F, Hofmann-Lehmann R, Rasmussen RA, Wang T, Xu W, et al.

(2003) Post-exposure prophylaxis with human monoclonal antibodies prevented

SHIV89.6P infection or disease in neonatal macaques. AIDS 17: 301–309.

3. Hessell AJ, Poignard P, Hunter M, Hangartner L, Tehrani DM, et al. (2009)

Effective, low-titer antibody protection against low-dose repeated mucosal SHIV

challenge in macaques. Nat Med 15: 951–954.

4. Hessell AJ, Rakasz EG, Tehrani DM, Huber M, Weisgrau KL, et al. (2010)

Broadly neutralizing monoclonal antibodies 2F5 and 4E10 directed against the

human immunodeficiency virus type 1 gp41 membrane-proximal external

region protect against mucosal challenge by simian-human immunodeficiency

virus SHIVBa-L. J Virol 84: 1302–1313.

5. Jaworski JP, Kobie J, Brower Z, Malherbe DC, Landucci G, et al. (2013)

Neutralizing polyclonal IgG present during acute infection prevents rapid

disease onset in simian-human immunodeficiency virus SHIVSF162P3-infected

infant rhesus macaques. J Virol 87: 10447–10459.

6. Mascola JR, Lewis MG, Stiegler G, Harris D, VanCott TC, et al. (1999)

Protection of Macaques against pathogenic simian/human immunodeficiency

virus 89.6PD by passive transfer of neutralizing antibodies. J Virol 73: 4009–

4018.

7. Parren PW, Marx PA, Hessell AJ, Luckay A, Harouse J, et al. (2001) Antibody

protects macaques against vaginal challenge with a pathogenic R5 simian/

human immunodeficiency virus at serum levels giving complete neutralization
in vitro. J Virol 75: 8340–8347.

8. Ruprecht RM (2009) Passive immunization with human neutralizing monoclo-

nal antibodies against HIV-1 in macaque models: experimental approaches.

Methods Mol Biol 525: 559–566, xiv.

9. Shibata R, Igarashi T, Haigwood N, Buckler-White A, Ogert R, et al. (1999)
Neutralizing antibody directed against the HIV-1 envelope glycoprotein can

completely block HIV-1/SIV chimeric virus infections of macaque monkeys.

Nat Med 5: 204–210.

10. Balazs AB, Chen J, Hong CM, Rao DS, Yang L, et al. (2012) Antibody-based

protection against HIV infection by vectored immunoprophylaxis. Nature 481:
81–84.

11. Gauduin MC, Parren PW, Weir R, Barbas CF, Burton DR, et al. (1997) Passive

immunization with a human monoclonal antibody protects hu-PBL-SCID mice

against challenge by primary isolates of HIV-1. Nat Med 3: 1389–1393.

12. Parren PW, Ditzel HJ, Gulizia RJ, Binley JM, Barbas CF III, et al. (1995)
Protection against HIV-1 infection in hu-PBL-SCID mice by passive

immunization with a neutralizing human monoclonal antibody against the

gp120 CD4-binding site. AIDS 9: F1–6.

13. Pietzsch J, Gruell H, Bournazos S, Donovan BM, Klein F, et al. (2012) A mouse
model for HIV-1 entry. Proc Natl Acad Sci U S A 109: 15859–15864.

14. Veselinovic M, Neff CP, Mulder LR, Akkina R (2012) Topical gel formulation of
broadly neutralizing anti-HIV-1 monoclonal antibody VRC01 confers protec-

tion against HIV-1 vaginal challenge in a humanized mouse model. Virology

432: 505–510.

gp140 Antibodies Selected from a scFv Library from an LTNP

PLOS ONE | www.plosone.org 10 May 2014 | Volume 9 | Issue 5 | e97478



15. Barouch DH, Whitney JB, Moldt B, Klein F, Oliveira TY, et al. (2013)

Therapeutic efficacy of potent neutralizing HIV-1-specific monoclonal antibod-
ies in SHIV-infected rhesus monkeys. Nature 503: 224–228.

16. Shingai M, Nishimura Y, Klein F, Mouquet H, Donau OK, et al. (2013)

Antibody-mediated immunotherapy of macaques chronically infected with
SHIV suppresses viraemia. Nature 503: 277–280.

17. Corti D, Lanzavecchia A (2013) Broadly neutralizing antiviral antibodies. Annu

Rev Immunol 31: 705–742.

18. Burton DR, Pyati J, Koduri R, Sharp SJ, Thornton GB, et al. (1994) Efficient

neutralization of primary isolates of HIV-1 by a recombinant human
monoclonal antibody. Science 266: 1024–1027.

19. Buchacher A, Predl R, Strutzenberger K, Steinfellner W, Trkola A, et al. (1994)

Generation of human monoclonal antibodies against HIV-1 proteins; electro-
fusion and Epstein-Barr virus transformation for peripheral blood lymphocyte

immortalization. AIDS Res Hum Retroviruses 10: 359–369.

20. Zwick MB, Labrijn AF, Wang M, Spenlehauer C, Saphire EO, et al. (2001)

Broadly neutralizing antibodies targeted to the membrane-proximal external
region of human immunodeficiency virus type 1 glycoprotein gp41. J Virol 75:

10892–10905.

21. Scanlan CN, Pantophlet R, Wormald MR, Ollmann Saphire E, Stanfield R, et
al. (2002) The broadly neutralizing anti-human immunodeficiency virus type 1

antibody 2G12 recognizes a cluster of alpha1–.2 mannose residues on the outer
face of gp120. J Virol 76: 7306–7321.

22. Trkola A, Purtscher M, Muster T, Ballaun C, Buchacher A, et al. (1996) Human
monoclonal antibody 2G12 defines a distinctive neutralization epitope on the

gp120 glycoprotein of human immunodeficiency virus type 1. J Virol 70: 1100–
1108.

23. Burton DR, Weiss RA (2010) AIDS/HIV. A boost for HIV vaccine design.

Science 329: 770–773.

24. Corti D, Langedijk JP, Hinz A, Seaman MS, Vanzetta F, et al. (2010) Analysis of
memory B cell responses and isolation of novel monoclonal antibodies with

neutralizing breadth from HIV-1-infected individuals. PLoS One 5: e8805.

25. Moore PL, Gray ES, Sheward D, Madiga M, Ranchobe N, et al. (2011) Potent

and broad neutralization of HIV-1 subtype C by plasma antibodies targeting a
quaternary epitope including residues in the V2 loop. J Virol 85: 3128–3141.

26. Morris L, Chen X, Alam M, Tomaras G, Zhang R, et al. (2011) Isolation of a

human anti-HIV gp41 membrane proximal region neutralizing antibody by
antigen-specific single B cell sorting. PLoS One 6: e23532.

27. Scheid JF, Mouquet H, Feldhahn N, Seaman MS, Velinzon K, et al. (2009)

Broad diversity of neutralizing antibodies isolated from memory B cells in HIV-

infected individuals. Nature 458: 636–640.

28. Walker LM, Huber M, Doores KJ, Falkowska E, Pejchal R, et al. (2011) Broad
neutralization coverage of HIV by multiple highly potent antibodies. Nature

477: 466–470.

29. Wu X, Yang ZY, Li Y, Hogerkorp CM, Schief WR, et al. (2010) Rational design
of envelope identifies broadly neutralizing human monoclonal antibodies to

HIV-1. Science 329: 856–861.

30. Kwong PD, Mascola JR (2012) Human antibodies that neutralize HIV-1:

identification, structures, and B cell ontogenies. Immunity 37: 412–425.

31. Mikell I, Sather DN, Kalams SA, Altfeld M, Alter G, et al. (2011) Characteristics
of the earliest cross-neutralizing antibody response to HIV-1. PLoS Pathog 7:

e1001251.

32. Humbert M, Antoni S, Brill B, Landersz M, Rodes B, et al. (2007) Mimotopes
selected with antibodies from HIV-1-neutralizing long-term non-progressor

plasma. Eur J Immunol 37: 501–515.

33. Zhou M, Meyer T, Koch S, Koch J, von Briesen H, et al. (2013) Identification of

a new epitope for HIV-neutralizing antibodies in the gp41 membrane proximal
external region by an Env-tailored phage display library. Eur J Immunol 43:

499–509.

34. Schreiber A, Humbert M, Benz A, Dietrich U (2005) 3D-Epitope-Explorer
(3DEX): localization of conformational epitopes within three-dimensional

structures of proteins. J Comput Chem 26: 879–887.

35. Zhou M, Kostoula I, Brill B, Panou E, Sakarellos-Daitsiotis M, et al. (2012)

Prime boost vaccination approaches with different conjugates of a new HIV-1
gp41 epitope encompassing the membrane proximal external region induce

neutralizing antibodies in mice. Vaccine 30: 1911–1916.

36. Beddows S, Franti M, Dey AK, Kirschner M, Iyer SP, et al. (2007) A
comparative immunogenicity study in rabbits of disulfide-stabilized, proteolyt-

ically cleaved, soluble trimeric human immunodeficiency virus type 1 gp140,

trimeric cleavage-defective gp140 and monomeric gp120. Virology 360: 329–
340.

37. Binley JM, Sanders RW, Clas B, Schuelke N, Master A, et al. (2000) A

recombinant human immunodeficiency virus type 1 envelope glycoprotein
complex stabilized by an intermolecular disulfide bond between the gp120 and

gp41 subunits is an antigenic mimic of the trimeric virion-associated structure.

J Virol 74: 627–643.

38. Earl PL, Broder CC, Long D, Lee SA, Peterson J, et al. (1994) Native oligomeric
human immunodeficiency virus type 1 envelope glycoprotein elicits diverse

monoclonal antibody reactivities. J Virol 68: 3015–3026.

39. Earl PL, Sugiura W, Montefiori DC, Broder CC, Lee SA, et al. (2001)
Immunogenicity and protective efficacy of oligomeric human immunodeficiency

virus type 1 gp140. J Virol 75: 645–653.

40. Harris A, Borgnia MJ, Shi D, Bartesaghi A, He H, et al. (2011) Trimeric HIV-1

glycoprotein gp140 immunogens and native HIV-1 envelope glycoproteins

display the same closed and open quaternary molecular architectures. Proc Natl

Acad Sci U S A 108: 11440–11445.

41. Hoorelbeke B, van Montfort T, Xue J, LiWang PJ, Tanaka H, et al. (2013) HIV-

1 envelope trimer has similar binding characteristics for carbohydrate-binding

agents as monomeric gp120. FEBS Lett 587: 860–866.

42. Kim M, Qiao ZS, Montefiori DC, Haynes BF, Reinherz EL, et al. (2005)

Comparison of HIV Type 1 ADA gp120 monomers versus gp140 trimers as

immunogens for the induction of neutralizing antibodies. AIDS Res Hum

Retroviruses 21: 58–67.

43. Nkolola JP, Peng H, Settembre EC, Freeman M, Grandpre LE, et al. (2010)

Breadth of neutralizing antibodies elicited by stable, homogeneous clade A and

clade C HIV-1 gp140 envelope trimers in guinea pigs. J Virol 84: 3270–3279.

44. Sundling C, Forsell MN, O’Dell S, Feng Y, Chakrabarti B, et al. (2010) Soluble

HIV-1 Env trimers in adjuvant elicit potent and diverse functional B cell

responses in primates. J Exp Med 207: 2003–2017.

45. Yang X, Wyatt R, Sodroski J (2001) Improved elicitation of neutralizing

antibodies against primary human immunodeficiency viruses by soluble

stabilized envelope glycoprotein trimers. J Virol 75: 1165–1171.

46. Antoni S, Walz N, Landersz M, Humbert M, Seidl C, et al. (2007) Genetic and

biological characterization of recombinant HIV type 1 with Env derived from

long-term nonprogressor (LTNP) viruses. AIDS Res Hum Retroviruses 23:

1377–1386.

47. Migueles SA, Sabbaghian MS, Shupert WL, Bettinotti MP, Marincola FM, et al.

(2000) HLA B*5701 is highly associated with restriction of virus replication in a

subgroup of HIV-infected long term nonprogressors. Proc Natl Acad Sci U S A

97: 2709–2714.

48. Hust M, Meyer T, Voedisch B, Rulker T, Thie H, et al. (2011) A human scFv

antibody generation pipeline for proteome research. J Biotechnol 152: 159–170.

49. Rondot S, Koch J, Breitling F, Dubel S (2001) A helper phage to improve single-

chain antibody presentation in phage display. Nat Biotechnol 19: 75–78.

50. Soltes G, Hust M, Ng KK, Bansal A, Field J, et al. (2007) On the influence of

vector design on antibody phage display. J Biotechnol 127: 626–637.

51. Hust M, Dubel S, Schirrmann T (2007) Selection of recombinant antibodies

from antibody gene libraries. Methods Mol Biol 408: 243–255.

52. Miethe S, Rasetti-Escargueil C, Liu Y, Chahboun S, Pelat T, et al. (2014)

Development of neutralizing scFv-Fc against botulinum neurotoxin A light chain

from a macaque immune library. MAbs 6: 446–459.

53. Jager V, Bussow K, Wagner A, Weber S, Hust M, et al. (2013) High level

transient production of recombinant antibodies and antibody fusion proteins in

HEK293 cells. BMC Biotechnol 13: 52.

54. Zhang CW, Chishti Y, Hussey RE, Reinherz EL (2001) Expression, purification,

and characterization of recombinant HIV gp140. The gp41 ectodomain of HIV

or simian immunodeficiency virus is sufficient to maintain the retroviral

envelope glycoprotein as a trimer. J Biol Chem 276: 39577–39585.

55. Zahn RC, Hermann FG, Kim EY, Rett MD, Wolinsky SM, et al. (2008)

Efficient entry inhibition of human and nonhuman primate immunodeficiency

virus by cell surface-expressed gp41-derived peptides. Gene Ther 15: 1210–

1222.

56. Plewnia G, Schulze K, Hunte C, Tampe R, Koch J (2007) Modulation of the

antigenic peptide transporter TAP by recombinant antibodies binding to the last

five residues of TAP1. J Mol Biol 369: 95–107.

57. Montefiori DC (2009) Measuring HIV neutralization in a luciferase reporter

gene assay. Methods Mol Biol 485: 395–405.

58. Schultz A, Koch S, Fuss M, Mazzotta AS, Sarzotti-Kelsoe M, et al. (2012) An

automated HIV-1 Env-pseudotyped virus production for global HIV vaccine

trials. PLoS One 7: e51715.

59. Davenport TM, Friend D, Ellingson K, Xu H, Caldwell Z, et al. (2011) Binding

interactions between soluble HIV envelope glycoproteins and quaternary-

structure-specific monoclonal antibodies PG9 and PG16. J Virol 85: 7095–7107.

60. Retter I, Althaus HH, Munch R, Muller W (2005) VBASE2, an integrative V

gene database. Nucleic Acids Res 33: D671–674.

61. Yu X, Lu L, Cai L, Tong P, Tan S, et al. (2012) Mutations of Gln64 in the HIV-

1 gp41 N-terminal heptad repeat render viruses resistant to peptide HIV fusion

inhibitors targeting the gp41 pocket. J Virol 86: 589–593.

62. Eckert DM, Kim PS (2001) Mechanisms of viral membrane fusion and its

inhibition. Annu Rev Biochem 70: 777–810.

63. Izumi K, Watanabe K, Oishi S, Fujii N, Matsuoka M, et al. (2011) Potent anti-

HIV-1 activity of N-HR-derived peptides including a deep pocket-forming

region without antagonistic effects on T-20. Antivir Chem Chemother 22: 51–

55.

64. Chan DC, Fass D, Berger JM, Kim PS (1997) Core structure of gp41 from the

HIV envelope glycoprotein. Cell 89: 263–273.

65. Mascola JR, Montefiori DC (2010) The role of antibodies in HIV vaccines.

Annu Rev Immunol 28: 413–444.

66. Klein F, Halper-Stromberg A, Horwitz JA, Gruell H, Scheid JF, et al. (2012)

HIV therapy by a combination of broadly neutralizing antibodies in humanized

mice. Nature 492: 118–122.

67. Huang KH, Bonsall D, Katzourakis A, Thomson EC, Fidler SJ, et al. (2010) B-

cell depletion reveals a role for antibodies in the control of chronic HIV-1

infection. Nat Commun 1: 102.

68. Schmitz JE, Kuroda MJ, Santra S, Simon MA, Lifton MA, et al. (2003) Effect of

humoral immune responses on controlling viremia during primary infection of

rhesus monkeys with simian immunodeficiency virus. J Virol 77: 2165–2173.

gp140 Antibodies Selected from a scFv Library from an LTNP

PLOS ONE | www.plosone.org 11 May 2014 | Volume 9 | Issue 5 | e97478



69. Derby NR, Gray S, Wayner E, Campogan D, Vlahogiannis G, et al. (2007)

Isolation and characterization of monoclonal antibodies elicited by trimeric
HIV-1 Env gp140 protein immunogens. Virology 366: 433–445.

70. Gorny MK, Zolla-Pazner S (2000) Recognition by human monoclonal

antibodies of free and complexed peptides representing the prefusogenic and
fusogenic forms of human immunodeficiency virus type 1 gp41. J Virol 74:

6186–6192.
71. Yuan W, Li X, Kasterka M, Gorny MK, Zolla-Pazner S, et al. (2009) Oligomer-

specific conformations of the human immunodeficiency virus (HIV-1) gp41

envelope glycoprotein ectodomain recognized by human monoclonal antibodies.
AIDS Res Hum Retroviruses 25: 319–328.

72. Almond D, Kimura T, Kong X, Swetnam J, Zolla-Pazner S, et al. (2010)
Structural conservation predominates over sequence variability in the crown of

HIV type 19s V3 loop. AIDS Res Hum Retroviruses 26: 717–723.
73. Sharon M, Kessler N, Levy R, Zolla-Pazner S, Gorlach M, et al. (2003)

Alternative conformations of HIV-1 V3 loops mimic beta hairpins in

chemokines, suggesting a mechanism for coreceptor selectivity. Structure 11:
225–236.

74. Zolla-Pazner S (2005) Improving on nature: focusing the immune response on
the V3 loop. Hum Antibodies 14: 69–72.

75. Zolla-Pazner S, Cardozo T (2010) Structure-function relationships of HIV-1

envelope sequence-variable regions refocus vaccine design. Nat Rev Immunol
10: 527–535.

76. Andrabi R, Williams C, Wang XH, Li L, Choudhary AK, et al. (2013) Cross-
neutralizing activity of human anti-V3 monoclonal antibodies derived from non-

B clade HIV-1 infected individuals. Virology 439: 81–88.
77. Binley JM, Wrin T, Korber B, Zwick MB, Wang M, et al. (2004)

Comprehensive cross-clade neutralization analysis of a panel of anti-human

immunodeficiency virus type 1 monoclonal antibodies. J Virol 78: 13232–13252.
78. Conley AJ, Gorny MK, Kessler JA Jr, Boots LJ, Ossorio-Castro M, et al. (1994)

Neutralization of primary human immunodeficiency virus type 1 isolates by the

broadly reactive anti-V3 monoclonal antibody, 447–52D. J Virol 68: 6994–

7000.

79. Gorny MK, Williams C, Volsky B, Revesz K, Cohen S, et al. (2002) Human

monoclonal antibodies specific for conformation-sensitive epitopes of V3

neutralize human immunodeficiency virus type 1 primary isolates from various

clades. J Virol 76: 9035–9045.

80. Stanfield RL, Gorny MK, Williams C, Zolla-Pazner S, Wilson IA (2004)

Structural rationale for the broad neutralization of HIV-1 by human

monoclonal antibody 447–52D. Structure 12: 193–204.

81. Gorny MK, Sampson J, Li H, Jiang X, Totrov M, et al. (2011) Human anti-V3

HIV-1 monoclonal antibodies encoded by the VH5–51/VL lambda genes

define a conserved antigenic structure. PLoS One 6: e27780.

82. Gorny MK, Revesz K, Williams C, Volsky B, Louder MK, et al. (2004) The v3

loop is accessible on the surface of most human immunodeficiency virus type 1

primary isolates and serves as a neutralization epitope. J Virol 78: 2394–2404.

83. Gorny MK, Xu JY, Karwowska S, Buchbinder A, Zolla-Pazner S (1993)

Repertoire of neutralizing human monoclonal antibodies specific for the V3

domain of HIV-1 gp120. J Immunol 150: 635–643.

84. Tilley SA, Honnen WJ, Racho ME, Chou TC, Pinter A (1992) Synergistic

neutralization of HIV-1 by human monoclonal antibodies against the V3 loop

and the CD4-binding site of gp120. AIDS Res Hum Retroviruses 8: 461–467.

85. Ringe RP, Sanders RW, Yasmeen A, Kim HJ, Lee JH, et al. (2013) Cleavage

strongly influences whether soluble HIV-1 envelope glycoprotein trimers adopt a

native-like conformation. Proc Natl Acad Sci U S A 110: 18256–18261.

86. Julien JP, Cupo A, Sok D, Stanfield RL, Lyumkis D, et al. (2013) Crystal

structure of a soluble cleaved HIV-1 envelope trimer. Science 342: 1477–1483.

87. Lyumkis D, Julien JP, de Val N, Cupo A, Potter CS, et al. (2013) Cryo-EM

structure of a fully glycosylated soluble cleaved HIV-1 envelope trimer. Science

342: 1484–1490.

gp140 Antibodies Selected from a scFv Library from an LTNP

PLOS ONE | www.plosone.org 12 May 2014 | Volume 9 | Issue 5 | e97478


