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Abbreviations 
 
10-188 anti-gp120 antibody that targets a linear epitope in the variable loop V3. 

1-863 anti-gp120 antibody that binds to an epitope in the CD4bs. 

4-42 anti-gp120 antibody that targets epitope in the CD4i.  

5-25 anti-gp41 antibody that recognizes gp41ID. 

aa  amino acid(s)a 

Ab antibody  

AIDS Acquired Immune Deficiency Syndrome  

B cell  Bursa dependent cell 
BCR  B Cell Antigen Receptor 

BiAb  Bispecific Antibody 

bNAbs broadly Neutralizing Antibody 

°C  degree Celsius 

CD  Cluster of Differentiation 

CD4bs CD4 binding site   

CD4i  CD4 induced co-receptor binding site 

CDR  Complementary Determining Region 

cDNA  complementary DesoxyriboNucleid Acid 

D  Diversity 

Da  Dalton 

DMEM Dulbecco’s Modified Eagle Medium 

dNTP  desoxyriboNucleosid TriPhosphate 

E. coli  Escherichia coli 
EDTA  EthyleneDiamineTetraacetic Acid 

ELISA  Enzyme-Linked ImmunoSorbent Assay 

Env mature envelope protein, comprising a homotrimer of non-covalently 

associated gp120-gp41 heterodimers. 

Fab  Fragment antigen binding 

Fc  Fragment crystalline 

FBS  Fetal Bovine Serum 

g  gram 

G  Glycine 

Glu  Glutamine 
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gp120  glycoprotein120, surface protein (molecular weight: 120kDa).  

gp120V3 linear epitope in the variable loop V3 of gp120.  
gp140 glycoprotein140, external domains of the HIV-1 envelope glycoprotein 

(gp120 and the gp41 ectodomain) containing all known neutralization 

epitopes. 

gp160 glycoprotein160 (encoded by env gene, cleaved into gp120 and pg41 

by host cell’s own protease Furin). 

gp41 glycoprotein41, transmembrane protein (non-covalently-bound to 

gp120). 

gp41ID immunodominant linear epitope of gp41.  

HEK 293T Human Embryonic Kidney 293T 
His  Histidine 

HIV  Human Immunodeficiency Virus 

IC50    Inhibitory Concentration (50%) 

IgBLAST Immunoglobulin Basic Local Alignment Search Tool 

Ig(s)  Immunoglobulin(s) 

IgA,D,E,G,M Immunoglobulin A, D, E, G, M 
IgH  Immunoglobulin Heavy chain 

Igγ  Immunoglobulin gamma heavy chain gene 

Igκ  Immunoglobulin kappa light chain gene 

Igλ  Immunoglobulin lamdba light chain gene 

Igµ  Immunoglobulin mu heavy chain gene 

Iv  Intravenous 

J   Joining 

LB  Luria Bertani 

LPS  LipoPolySaccharide 

mM  milliMolar 

M  Molar 

mAb  monoclonal Antibody 

mGO53 antibody that is neither specific to gp160 nor polyreactive. 

MNR  Molar Neutralization Ratio 

µg  microgramm 

µl  microliter 

ml  milliliter 
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min  minute(s) 

mRNA  messenger RiboNucleic Acid 

nm  nanometer 

OD  Optical Density 

PBS  Phosphate Buffered Saline 

PCR  Polymerase Chain Reaction 

pM  picoMolar 

rpm  rounds per minute 

RT  Room Temperature 

RT-PCR Reverse Transcription – Polymerase Chain Reaction 

RU  Response Units 

S  Serin 

scFv  single-chain variable Fragment  

SD  Standard Deviation 

SDS-PAGE Sodium Dodecyl Sulfate PolyAcrylamide Gel Electrophoresis 

SEM  Standard Error of the Mean 

sec  second(s) 

SIV  Simian Immunodeficiency Virus 

SPR  Surface Plasmon Resonance 

Taq  Thermus aquaticus 

TCR  T Cell Receptor 

Temp  Temperature 

U  Units 

UV  UltraViolet 

V  Variable 

WHO  Wolrd Health Organization 

Yrs  Years 
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Aim 
 

One of the evading strategies of human immunodeficiency virus (HIV) recently 

proposed is that the low density of its envelope protein gp140 expressed at the viral 

surface impedes bivalent binding of IgG antibodies to their target. Indeed, as 

measured by cryo-electron microscopy tomography, mature HIV virus expresses its 

gp140 surface protein at a very low density of only 10-15 viral spikes, with 90% of 

them being distributed randomly on the surface of virions (145 nm diameter) (Klein 

and Bjorkman, 2010). Thus, the average spike-to-spike distance would be too far 

apart for a bivalent antibody to bridge. Regarding this, a recent study showed that 

anti-gp140 neutralizing antibody, 2F5, acquires a dramatic enhancement of its 

neutralizing efficiency by binding bivalently to its natural epitope and to an artificial 

engineered one inserted in another region of gp140 (Wang and Yang, 2010). These 

results suggest that artificially engineered anti-HIV antibodies that bind bivalently to 

HIV gp140 may present an increased binding affinity and neutralizing efficiency.  

Hence, we conducted this study to investigate if bispecific antibodies to HIV gp140 

exhibit enhanced HIV-neutralizing activity. Our group has established an efficient 

method to clone and express human monoclonal antibodies from single B cells in 

different compartments (Wardemann et al., 2003). Tiller et al described in details the 

technical aspects of this methodological approach that is currently used in our 

laboratory (Tiller et al., 2008).  We recently used this method to generate a broad 

spectrum of antibodies to HIV gp140 from HIV-infected individuals (Scheid et al., 

2009). Considering the studies described above, we initiated a project that aims to 

generate and characterize HIV-bispecific antibodies bearing two antigen-binding 

sites, each of them specific for different epitopes of gp140 envelope protein. 
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Introduction 
 

 

HIV vaccine design 
 

Human immunodeficiency virus-1 (HIV-1), the agent causing acquired immune 

deficiency syndrome (AIDS), was discovered roughly 30 years ago, but a first 

vaccine candidate offering evidence of protection against infection was described 

only recently (Rerks-Ngarm et al., 2009). The extent of the level of protection and it’s 

mechanisms still require further description (Dolin, 2009). Hence, a vaccine that 

offers protection against infection by HIV-1 by stimulating the humoral and/or cellular 

components of the immune system has yet to be discovered. 

Until now, a definitive case of a potent antibody response clearing or controlling the 

infection in a HIV-positive patient has not been described. However, a small 

percentage of infected individuals show a natural ability to suppress viral replication 

and progression of the disease. On the one hand, this rare phenomenon was 

explained by a robust cellular immune response primarily (Koup et al., 1994, 

McMichael and Rowland-Jones, 2001), but other cases have been reported where 

individuals developed broadly neutralizing serologic activity after 2-3 years of 

infection. (Deeks et al., 2006, Dhillon et al., 2007, Li et al., 2007, Binley et al., 2008, 

Doria-Rose et al., 2009, Gray et al., 2009, Sather et al., 2009, Simek et al., 2009). 

These broadly neutralizing antibodies (bNAbs) to gp-160, the surface spike of the 

HIV-1 virion, can be split into two categories: They are either specific to gp120 (b12, 

2G12, PG9/PG16, HJ16 and VRC01) (Burton et al., 1991, Wu et al., 2010, Trkola et 

al., 1996, Walker et al., 2011) (Scheid et al., 2011) or gp41 (2F5, 4E10 and Z13) 

(Muster et al., 1993, Zwick et al., 2001). Further studies showed that passive 
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immunization with these antibodies protects monkeys from SHIV infection (Mascola 

and Montefiori, 2010, Zolla-Pazner, 2004, Mascola, 2007). Hence, it was proposed 

that a potent vaccine should elicit these antibodies in order to protect humans form 

the infection with HIV-1. 

 

 

Strategies of HIV-1 to evade the humoral response 
 

HIV efficiently escapes neutralizing antibodies. Two major explanations are: first, the 

envelope spike which comprises the glycoproteins gp120 and gp41 mutates rapidly  

(Wei et al., 2003, Moore and Sodroski, 1996, Albert et al., 1990) and second: other 

structural features, including steric occlusion (Labrijn et al., 2003), conformational 

masking (Kwong et al., 2002), a shield of host-derived carbohydrates (Wei et al., 

2003), the protection of conserved regions at interfaces by oligomerization or in 

narrow pockets and the presence of highly flexible loops that shield conserved 

epitopes on the envelope spike (Kwong et al., 1998) (Wyatt et al., 1997). 

Furthermore, it was recently proposed that adequate germline genes with the 

capability to mature into neutralizing anti-HIV antibodies may be lacking (Xiao et al., 

2009). However, this strategic repertoire is not unique to HIV. Recently an additional 

structural feature of HIV has been described that sets the virus apart in particular. In 

comparison to other viruses, the density of the HIV envelope spikes on the virus’s 

surface is very low (Zhu et al., 2006, Klein et al., 2009, Klein and Bjorkman, 2010). 

This could impede bivalent binding of IgGs to the virus. Hence, the aviditiy of the anti-

HIV antibodies would be reduced. 
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The antibody function depends on binding 
 

Several studies have shown that the neutralizing activity of an antibody (Ab) is 

heavily influenced by its binding abilities. Higher neutralizing potency was often 

observed when an antibody had higher affinity or avidity for a critical epitope (Klein 

and Bjorkman, 2010) (Icenogle et al., 1983, Barbas et al., 1994, Schofield et al., 

1997, Wu et al., 2005). Therefore, the neutralization of an antibody that binds 

bivalent to HIV should be higher than an Ab that binds only by virtue of one arm. 

 

 

Generation of bispecific antibodies against the HIV-1 envelope protein 
gp160 
 

In order to test our hypothesis, we engineered anti-HIV gp120/gp41 bispecific 

antibodies (BiAbs) comprising one arm targeting a number of different neutralizing 

gp120 epitopes and another arm directed against a non-neutralizing gp41 epitope. 

Three different constructs were produced and tested. All BiAbs showed simultaneous 

binding to gp120 and gp41. Neutralization essays showed enhanced neutralization of 

the anti-HIV gp120/41 BiAbs compared to the anti-gp120 immunoglobulin G (IgG) 

antibodies they were derived from. Viral neutralization is increased due to bivalent 

binding caused by heteroligation on gp160 antigens. 
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Material and Methods 
 

Material 
 

Bacteria  
 
E. coli DH10B     Clontech        
       Palo Alto, U.S.A.  
 

Cell lines 
 
HEK 293T (ATCC, CRL-11268)   Invitrogen 
       Carlsbad, CA, U.S.A. 
 

Chemicals, buffers and solutions 
 
All chemicals used during this project were purchased from Sigma (St. Louis, MO, 
U.S.A.) at the highest level of purity possible. 
 
Cresol Red (C21H17O5SNa)  
EDTA (C10H14N2O8Na2 2H2O)  
Glycerol (C3H8O3) 
Glycine (C2H5NO2)  
Glacial acetic acid (C2H4O2)  
Potassium Chloride (KCl)  
Potassium Phosphate (KH2PO4)  
Polyethylenimine, branched (C2H5N) 
Sodium Chloride (NaCl)  
Sodium Phosphate (NaH2PO4 7H20)  
Sucrose (C12H22O11)  
Trizma® base (C4H11NO3)  
Tween®20 (C58H114O26) 
 
1x PBS pH=7.4     137mM NaCl   

2.7mM KCl  
4.3mM Na2HPO4.7H20  
1.4mM KH2PO4 

 

5x Loading buffer     60% sucrose 
       1 mM cresol red 
 
50x TAE      2M Tris base 
       1M Acetate 
       0,5M EDTA (pH=8) 
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ELISA blocking buffer    2% BSA 
       1 µM EDTA 
       0,05% Tween-PBS  
 
HRP chromogenic substrate    ABTS solution, Invitrogen 
       Carlsbad, CA, U.S.A. 
 
0.45 mg/ml PEI solution    0.5M EDTA solution, pH=8.0 

0.1M Glycine, pH=3.0 
1M Tris-Base, ph=8 

 
HisPurTM washing buffer    50mM sodium phosphate 
       300mM sodium chloride 
       10mM imidazole, pH=7.4 
 
HisPurTM elution buffer    50mM sodium phosphate 
       300mM sodium chloride 
       150mM imidazole, pH=7.4 
 
HBS-EP+ running buffer    GE Healthcare Life Sciences 
       Piscataway, NJ, U.S.A 
 

Commercial kits 
 
PureLinkTM  HiPure Plasmid Maxi Prepkit Invitrogen 
       Carlsbad, CA, U.S.A. 
 
NucleoSpin Plasmid QuickPure   Macherey-Nagel 
Nucleic Acid & Protein Purification  Dueren, Germany 
 
Quickchange Site-Directed Mutagenesis kit Stratagene 
       La Jolla, CA, U.S.A. 
 
Pierce Silver Stain Kit     Thermo Scientific 
       Waltham, MA, U.S.A. 
 
Color Silver Stain Kit     Thermo Scientific 
       Waltham, MA, U.S.A. 
 
Pierce Fab Preparation Kit    Thermo Scientific 
       Waltham, MA, U.S.A. 
 
 

Purification 
  
Protein G SepharoseTM 4 Fast Flow  GE Healthcare Life Sciences 
       Piscataway, NJ, U.S.A.  
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HisPurTM Cobalt Resin    Thermo Scientific 
       Waltham, MA, U.S.A.  
  

Restriction enzymes 
 
AgeI       New England Biolabs, 
       Ipswich, MA, U.S.A.  
 
BstXI       New England Biolabs, 
       Ipswich, MA, U.S.A.  
  
 

PCR and expression vector cloning 
 
HotStart TaqTM polymerase   Promega 
       Madison, WI, U.S.A. 
 
Pfu Turbo DNA polymerase   Adgilent 
       Santa Clara, CA, U.S.A. 
 
10x Taq buffer     Qiagen,  
       Valencia, CA, U.S.A. 
 
Desoxyribonukleosidtriphosphate   Invitrogen 
       Carlsbad, CA, U.S.A 
 
1kb Plus DNA marker    Promega     
       Madison, WI, U.S.A.    
 
Nuclease-free water    Qiagen 
       Valencia, CA, U.S.A 
 
Forward primers   5’-3’ sequence 
 
5’Agel VH1 (Fig. 2)     New England Biolabs, 
       Ipswich, MA, U.S.A.  
 
5’AgeI VH1-18 (Fig. 2)    New England Biolabs, 
       Ipswich, MA, U.S.A.  
 
5’Agel VH3 (Fig. 2)     New England Biolabs, 
       Ipswich, MA, U.S.A.  
 
5’Agel VH4-39 (Fig. 2)    New England Biolabs, 
       Ipswich, MA, U.S.A.  
 
5’(G4S)3-_Vκ1-5 (Fig. 2)    New England Biolabs, 
       Ipswich, MA, U.S.A.  
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5’(G4S)3-_Vκ2-30 (Fig. 2)    New England Biolabs, 
       Ipswich, MA, U.S.A.  
 
5’(G4S)3-_Vκ3-15 (Fig. 2)    New England Biolabs, 
       Ipswich, MA, U.S.A.  
 
5’(G4S)3-_Vλ1 (Fig. 2)    New England Biolabs, 
       Ipswich, MA, U.S.A.  
 
Reverse primers 
 
3’JH4/5_(G4S)3 (Fig. 2)    New England Biolabs, 
       Ipswich, MA, U.S.A.  
 
3’JH6_(G4S)3 (Fig. 2)    New England Biolabs, 
       Ipswich, MA, U.S.A.  
 
3’Jκ1/4 BstXI  (Fig. 2)    New England Biolabs, 
       Ipswich, MA, U.S.A.  
 
3’Jκ3 BstXI (Fig. 2)     New England Biolabs, 
       Ipswich, MA, U.S.A.  
 
expression vectors (for Igγ1, Igκ, Igλ)  Invitrogen 
(Tiller et al., 2008)     Carlsbad, CA, U.S.A. 
  
. 
          

ELISA 
 
Goat HRP-conjugated    Jackson ImmunoResearch,  
anti-human IgG antibodies    Philadelphia, PA, U.S.A. 
 
Anti-HIV gp140 IgG     The Lab of Molecular Immunology 
       The Rockefeller University, NY, U.S.A. 
  
gp41 overlapping peptides    Proteomics Resource Center,  

The Rockefeller University, NY, U.S.A. 
 
gp120V3    Proteomics Resource Center,  

The Rockefeller University, NY, U.S.A. 
 
YU-2 gp120      The Lab of Molecular Immunology 
       The Rockefeller University, NY, U.S.A. 
 
YU-2 gp140      The Lab of Molecular Immunology 
       The Rockefeller University, NY, U.S.A. 
 
YU-2 gp120(D369R)    The Lab of Molecular Immunology 
       The Rockefeller University, NY, U.S.A. 
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YU-2 gp120(I420R)     The Lab of Molecular Immunology 
       The Rockefeller University, NY, U.S.A. 
 
gp41        Acris, 
       Herford, Germany 
 
 

SDS Page 
 
3-8% seperating gel    Invitrogen 
       Carlsbad, CA, U.S.A. 
 
 

Western-Blot 
 
Anti-FLAG antibody     Sigma, 
       St Louis, MO, U.S.A. 
 
Anti-HIS antibody     BD Bioscience, 
       Franklin Lakes, NJ, U.S.A. 
 
Anti-human IgG     BD Pharmingen 
       Franklin Lakes, NJ, U.S.A. 
 
 

Equipment and lab material 
 
Everything used during this project was standard equipment and material found in 
every scientific laboratory. More advanced equipment and material that was 
necessary to complete this project is listed below. 
 
Biacore T100     Biacore, Inc. 
       GE Healthcare Life Sciences 
       Piscataway, NJ, U.S.A 
 
NanoDrop ND-1000 Spectrophotometer Thermo Scientific 
       Waltham, MA, U.S.A.   
        
Bio-Spin chromatography columns  Bio-Rad 
       Hercules, CA, U.S.A. 
 
Tissue culture plates (150mm x 25mm)  Falcon, Becton Dickinson Labware 
       Franklin Lakes, NJ, U.S.A. 
 
Vivacell 70 Polyethersulfone – concentrator Sartorius AG 
Centrifugal Filter Units    Goettingen, Germany 
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Media and supplement for bacterial and tissue culture 
 
Ampicillin 100X     Gibco, Invitrogen 
       Carlsbad, CA, U.S.A. 
 
Antibiotic-Antimycotic 100X   Gibco, Invitrogen 
       Carlsbad, CA, U.S.A. 
 
DMEM      Gibco, Invitrogen 
       Carlsbad, CA, U.S.A. 
 
Luria Bertani (LB) powder    Invitrogen 
       Carlsbad, CA, U.S.A. 
 
Nutridoma-SP     Roche Molecular Biochemicals 
       Indianapolis, IN, U.S.A. 
 
Sodium Pyruvate     Gibco, Invitrogen 
       Carlsbad, CA, U.S.A. 
 
Trypsin-EDTA     Gibco, Invitrogen 
       Carlsbad, CA, U.S.A. 
 
Ultra-low IgG FBS     Gibco, Invitrogen 
       Carlsbad, CA, U.S.A. 
 
 

Software 
 
EditSeqTM       DNASTAR 
       Madison, WI, U.S.A. 
 
MacVector      MacVector Inc. 
       Cary, NC, U.S.A. 
 
EndNote X3     Thomson Scientific 
       Philadelphia, PA, U.S.A. 
 
ImageJ 1.42q software    NIH, 
       Bethesda, MD, U.S.A.  
  
Illustrator CS4     Adobe 
       San Jose, CA, U.S.A. 
 
Photoshop CS4     Adobe 
       San Jose, CA, U.S.A. 
 
Microsoft Office 2008    Microsoft, 
       Redmond, WA, U.S.A.  
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Scrubber 2 Center for Biomolecular Interaction 
Analysis 

 University of Utah, U.S.A.  
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Methods 
 

scFv PCR and expression-vector cloning 
 

Single-chain variable fragments (scFvs) were generated by classical overlapping 

PCR using VL and VH DNA fragments cloned into human Ig-expressing vectors (Tiller 

et al., 2008) as templates, and encoding for the anti-gp140 monoclonal antibodies 

(mAbs) (Scheid et al., 2009) (Mouquet et al., 2011) or mGO53 control mAb 

(Wardemann et al., 2003). VL and VH DNA fragments were amplified using specific 

set of primers (Fig. 2) introducing a (G3S)4 linker sequence at the 3’ and 5’ ends of VL 

and VH DNA fragments, respectively (Fig. 2). PCR reactions were performed using 

0.65 U of HotStart TaqTM polymerase (Promega) and comprised one cycle of 94°C 

for 10 min, 35 cycles of 94°C for 45 s, 59°C for 45 s and 72°C for 1 min, and a final 

elongation step of 72°C for 5 min.  

PCR products were purified using NucleoSpin® Extract II kit (Macherey-Nagel) and 

assembled by overlapping PCR using specific 5’AgeI VH and 3’ BstXI Jκ primers 

(Fig.2), and 0.32 U of Pfu Turbo® DNA Polymerase (Adgilent). PCR conditions 

comprised one cycle of 94°C for 2 min, 35 cycles of 94°C for 30 s, 59°C for 45 s and 

72°C for 1 min 30, and a final elongation step of 72°C for 10 min. Purified scFv 

fragments were then cloned into a modified human IgG1-expressing vector as 

described below, using AgeI and BstXI restriction sites. The classical vector (Tiller et 

al., 2008) was modified by PCR and cloning to introduce a FLAG or a Hexa-Histidine 

(HIS) tag at the c-terminus of the IgH constant domain 3 (CH3). The γl-expressing 

vector was further modified by directed-site mutagenesis (QuickChange Site-Directed 

Mutagenesis kit, Stratagene) to remove BstXI site in the vector backbone and to 

introduce a C243A substitution. A “knob into hole” double mutation (a T366Y 
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substitution on the FLAG-tagged arm and a Y407T substitution on the HIS-tagged 

arm) was also introduced in the γl-expression vector to increase the production of 

heterodimers as previously described (Ridgway et al., 1996) (Fig. 1A). Vectors 

containing scFv DNA fragment were isolated from transformed-DH10β bacteria using 

plasmid DNA purification kits (NucleoSpin®Plasmid, Macherey-Nagel; or PureLinkTM 

plasmid maxiprep kit, Invitrogen), sequenced and compared to the original PCR-

product sequences (MacVector). 

	  

Transformation of DH10β competent cells 
 

3 µl of the final plasmid were added to 5 µl of DH10β competent cells. After an 

incubation period of 15 min on ice, a heat shock in a 42°C warm water bath was 

performed for 45 sec. This procedure was followed by another incubation on ice for  

5 min. The bacteria were grown in 100 ml LB medium for 1 h. Finally, the cells were 

transferred via material exhaust method onto selective agar plates containing        

100 µg/ml ampicillin. The plates were incubated for 17 h at 37°C. 

 

Screening PCR 
 

Bacterial colonies were screened by PCR to reveal the ones containing the insert. 

The parameters of this PCR were like the ones described before, but with a different 

set of primers and an altered number of cycles. 

The 5 ́primer (Ab sense) (Tiller et al., 2008) used for all inserts was complementary 

to a sequence in the vector upstream of the insert site. Depending on the type of 

chain in question, either the 3’ IgG-Internal (for Hc) (Tiller et al., 2008), the 3’Cκ494 

(for κc) (Tiller et al., 2008) or the 3’Xhol (for λc) (Tiller et al., 2008) were added to the 
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mix. The PCR product was then analyzed by gel electrophoresis to check if the 

products’ sizes turned out as expected. The correct colonies were picked and 

inoculated over night. A mini prep was performed to extract enough DNA for 

sequencing purposes. Sequencing was performed by Genewiz to confirm that the 

DNA not been altered during the process.  

 

Preparation of plasmid DNA 
 

Based on the results obtained from the sequencing, appropriate colonies were 

chosen for the generation of plasmid DNA. Plasmid DNA was prepared with the 

PureLinkTM HiPure Plasmid Maxi Prepkit (Qiagen). All steps were carried out 

according to the manufacturer’s guidelines. 

To summarize briefly, single colonies were grown overnight in 250 ml of LB medium 

containing 0,25 ml Ampicillin (1000X). After alkaline lysis and precipitation of the 

bacteria, the supernatant was loaded onto the supplied HiPure Maxi Column and 

washed once. The DNA was eluded from the column and precipitated again. After 

resuspension in TE Buffer the concentration of plasmid DNA was determined via 

NanoDrop®. Finally, the plasmid DNA was stored at -20°C till further use. Genewiz 

Inc. performed the sequencing of the product. 

 

Production and purification of bispecific antibodies 

 

Tissue culture 
 

For the expression of the antibody molecules, the human embryonic kidney 293T 

(HEK 293T, ATCC, CRL-11268) cell line was utilized. Cells were cultured at 37°C 
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and 5% CO2 in 20 ml complete Dulbeccos modified eagle medium (DMEM) 

containing 10% heat-inactivated ultra-low IgG fetal bovine serum (FBS), 1% sodium 

pyruvate and 1% antibiotic-antimycotic mix. The cells were split and redistributed 

every 2-3 days indicated by a plate coverage of 80%. First, 90% of the medium was 

removed form the plates and 5 ml of PBS were added. The PBS was removed and 3 

ml of Trypsin-EDTA were added to detach the cells from the plate. With 7 ml of 

DMEM the cells were washed form the plates and resuspended in the appropriate 

amount of medium. 

Depending on the cell’s condition the splitting ratios varied from 1:3 to 1:5. 

 

 

Transfection 
 

At a confluency of 80% the HEK 293T cells were co-transfected by 

polythylenimine(PEI)-precipitation as previously described (Mouquet et al., 2011). 

The first step was to remove all medium and replace it with complete medium lacking 

any supplements. After 1 hour of incubation at RT, the medium was again replaced 

but the final medium was supplemented with 1% Nutridoma. 

The transfection mix contained 15 ml 150 mM NaCl, equal amounts of ScFvγ1_His- 

and ScFvγ1_FLAG-expressing vectors (15 µg of each plasmid DNA per plate) and 2 

ml of 0.45/ml PEI. After 10 sec of vortexing, the mix was incubated for 10 min at RT. 

Each individual mix was distributed carefully in 1,7 ml portions over 10 plates. The 

supernatant was collected after 4 days of incubation. To remove cell remnants a 

centrifugation step at 1500 rpm for 10 min was carried out. The supernatants were 

stored at 4°C until the purification of the recombinant IgG molecules was performed. 
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Antibody purification 
 

The BiAbs were affinity purified using Protein G sepharose beads (GE Healthcare) 

followed by HisPurTM cobalt-agarose (Pierce) and finally dialyzed in PBS. In detail, 50 

µl of washed Protein G beads per 50 ml of supernatant were added to the harvested 

fluid and incubated overnight under gentle rotation at 4°C. The following day, the 

samples were centrifuged at 2000 rpm for 20 min at 4°C without deceleration. The 

beads were carefully resuspended in PBS and transferred onto chromatography spin 

columns (Bio-Rad). After 2 washes with PBS, the antibody molecules were eluted 

with 900 µl 0,1 M glycine (pH=3) into at least 4 Eppendorf tubes each containing 100 

µl of 1 M Tris (pH=8). The protein concentration of each fraction was measured using 

the NanoDrop® photometer. 

The second round of purification utilized the HIS-Tag to extract the hetero-dimeric 

BiAb. The fractions of the Protein G purifications were pooled and filled up with 

phosphate buffer (“mother solution”) to a final volume of 10ml. In order to reach the 

required immidazole concentration, 667 µl of the 150 mM HisPUR elution buffer were 

added. Each sample was incubated with 0,5 ml of washed HisPUR cobalt beads for 1 

h under gentle rotation at RT. Afterwards, the samples were centrifuged at 2000 rpm 

for 20 min at 4°C without deceleration. The beads were carefully resuspended in 

Wash/Equi Buffer and transferred onto chromatography spin columns (Bio-Rad). 

After 2 washes with Wash/Equi Buffer, the antibody molecules were eluted with 500 

µl HisPUR elution buffer into at least 4 Eppendorf tubes. The protein concentration of 

each fraction was determined by photometer. 
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Antibody concentration and buffer exchange 
 

For neutralization testing, the produced antibodies have to be present at an adequate 

concentration in PBS. Hence, the buffer exchange and the concentration of the 

protein were performed simultaneously using a purification kit (Nucleospin©Plasmid, 

Machery-Nagel) according to the manufacturer’s instruction. 

 

 

SDS – PAGE (Sodiumdodecylsulfate – Polyacrylamide Gel Electrophoresis) 
 

The size and purity of the recombinant env-proteins and antibodies were confirmed 

by SDS-PAGE. 500 ng of the antibodies were loaded on the 3-8% separating gel 

(Invitrogen). The gel was run for 50 min at 190 V. The protein purity was analyzed 

with the Color Silver Stain kit (Thermo Scientific) or Coomassie Blue G-250 staining. 

Relative quantification of stained protein bands was performed using ImageJ 1.42q 

software (NIH). To monitor the production of the heterodimer, the proteins were 

transferred onto nitrocellulose membranes followed by western blot analysis with 

anti-FLAG (Sigma), anti-HIS (BD Bioscience) or anti-human IgG (BD Pharmingen). 

 

Fab preparation 
 

Fabs were produced using papain digestion with the Fab Preparation Kit (Pierce®) 

according to the manufacturer’s instructions. IgGs are split by immobilized papain 

and afterwards purified by Protein G SepharoseTM. Finally, the purity of the products 

was evaluated on a G250 Coomassie blue-stained 4-12% NuPAGE (Invitrogen) 

(SDS-PAGE).  
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ELISAs 
 

High-binding 96-well ELISA plates (Costar) were coated overnight with 100 ng/well of 

purified antigens YU-2 gp140, YU-2 gp120, YU-2 gp120(D368R), YU-2 gp120(I420R) 

(Mouquet et al., 2011) and gp41 (Acris, Herford) in PBS. Plates were washed and 

blocked for 2 h with 2% BSA, 1 µM EDTA, 0.05% Tween-PBS (Blocking buffer) and 

then, incubated 2 h with IgG mAbs or BiAbs diluted at 26.7 nM and several 

consecutive 1:4 dilutions in PBS. After washings, the plates were revealed by 

incubation for 1 h with goat HRP-conjugated anti-mouse IgG (Jackson 

ImmunoReseach) (at 0.8 µg/ml in blocking buffer) and by adding 100 µl of HRP 

chromogenic substrate (ABTS solution, Invitrogen). Optical densities were measured 

at 405 nm (OD405nm) using an ELISA microplate reader (Molecular Devices). 

Background values given by incubation of PBS alone in coated wells were 

subtracted. To assay the antibody binding to the selected gp41 overlapping peptides 

(sequences shown in Fig. 6) and to gp120V3 peptide (RKSINIPGGRALYTTGEII) 

(Proteomics Resource Center, The Rockefeller University) (Scheid et al., 2009), the 

Abs were tested using a peptide ELISA method that was described previously 

(Mouquet et al., 2011). High-binding ELISA plates (Costar) were coated for 

competition assays with 100 ng/well of purified gp140 and gp41. Plates were blocked 

2 h (blocking buffer) and incubated for 2 h with anti-HIV gp140 IgG and BiAbs at 26.7 

nM in 1:2 serially diluted gp41589-608 peptide (gp41ID)-containing PBS (with a 

concentration ranging from 5.71 nM to 2.92 µM). Plates were developed as described 

above. All ELISA experiments were performed at least twice.  
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SPR (surface plasmon resonance) 
 

All surface plasmon resonancce (SPR) experiments were performed by Dr. Hugo 

Mouquet with a Biacore T100 (Biacore, Inc) in HBS-EP+ running buffer (Biacore, Inc) 

at 25°C as described previously (Mouquet et al., 2010). On the CM5 chips (Biacore, 

Inc), the gp140, gp120 and gp41 proteins were immobilized at a concentration of 

12.5 µg/ml by amine coupling at pH 4.5 resulting in an immobilization level of 100 

RUs. For binding analysis IgG mAbs und BiAbs were injected through flow cells at 

500 nM and 1000 nM, respectively, at flow rates of 35 µl/min with 3 min association 

and 5 min dissociation. The sensor surface was regenerated between the 

experiments with a 30 s injection of 10 mM glycine-HCl pH 2.5 at a flow rate of 50 

µl/min. After subtracting the background (binding to control flow cells and signal of 

the HBS-EP+ running buffer), binding curves were plotted using Scrubber 2 software 

(Center for Biomolecular Interaction Analysis, University of Utah). To analyze the 

simultaneous binding of the anti-gp120/41 BiAb molecules to gp120 binding (binding 

1) and to gp41 (binding 2), the anti-gp120/41 BiAbs and BiAb controls were injected 

through flow cells (at 700 nM) in HBS-EP+ running buffer at flow rates of 30 µl/ml with 

3 min association and 2 min dissociation. Purified gp41 (final concentration of 30 

µg/ml) was injected in HBS-EP+ running buffer at a flow rate of 20 µl/min with 2 min 

contact time. The sensor surface was regenerated as described above. 

 

 

Neutralization Assays 
 

The essays were performed by M.S. Seaman at the Beth Israel Deacones Medical 

Center Boston as previously described (Montefiori, 2005). Briefly, neutralization is 

detected as reduction in firefly luciferase (Luc) reporter gene expression in TZM-bl 
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cells after a single infection. The HIV tat protein induces this effect. The cell line 

expresses CD4, CXCR4, CCR5. Furthermore, it contains a tat-responsive Luc 

reporter gene. The activity of the luciferase is quantified by luminescence and is 

directly proportional to the number of infected cells present in the sample. MuLV 

(murine leukemia virus) is used as a negative control. Env-pseudotyped viruses are 

prepared by transfection in 293T cells using a two-plasmid system. One plasmid 

expresses gp160 and the second is an appropriate env-defective HIV-1 backbone 

plasmid. 

For the competition essays, purified anti-gp120/41 BiAbs were incubated with gp41ID 

peptide at a final concentration of 0.53 µM prior to neutralization testing. Decreases 

of neutralization activity were calculated by dividing the IC50 values of the BiAbs in 

the presence of gp41ID peptide by the results of the controls (BiAbs in the same 

concentration in 0.5% DMSO PBS without peptide). 
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Results 
 
 
Dr. Hugo Mouquet and Malte L. Warncke performed all of the following experiments 

together, except for the entire surface plasmon resonance experiments that were 

carried out by Dr. Mouquet exclusively. He also wrote all SPR protocols present in 

this work (Mouquet et al., 2012).  

Neutralization essays were performed by M.S. Seaman at the Beth Israel Deacones 

Medical Center Boston, U.S.A.. 

All sequencing was done by Genewiz, Inc., New Jersey, U.S.A.. 
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Generation of anti-HIV-1 gp120/41 bispecific antibodies 
 

We artificially engineered antibodies that bind simultaneously to both gp120 and 

gp41 subunits of HIV-1 gp160. They are scFv-Fc IgG-like molecules, also known as 

immunoadhesins, which contain two different binding sites specific either to gp120 or 

gp41 antigens (Fig. 1).  

 

Figure 1. (A) Anti-Gp120/41 bispecific antibody (BiAb) made as scFv2-Fc IgG-like molecule. One binding site 
targets gp120 while the other is directed against gp41. scFv, light-chain variable fragment; VH, heavy-chain 
variable domain; VL, light-chain variable domain; H, hinge; L, (G4S)3 linker; CH, heavy-chain constant domain; h-
IgG1, human IgG1. (B) Western blot and silver staining of gp120/gp41 BiAbs and BiAb controls (anti-
gp120/mGO53 heterodimers). (C) ELISA: Binding of 10-188 IgG antibody and scFv2-Fc control to gp120 and 
gp140 antigens. (D) TZM-bl assay showing the neutralizing activity of 10-188 IgG and ScFv2-Fc control. The x-
axis shows the antibody concentration (nM) necessary to achieve IC50 for each virus indicated on the y-axis. 
Displayed are the molar neutralization ratio (MNR) values comparing the IC50 values. Error bars indicate the SEM. 
*, not neutralized; **, negative control. 

 

scFv fragments were generated by overlapping PCR employing variable heavy- and 

light-chain domain (VH and VL) genes encoding for human anti-gp120, anti-gp41 or 

mGO53 (control antibody) (Table 1) (Wardemann et al., 2003, Mouquet et al., 2011, 

Scheid et al., 2009). mGO53 was used as a control because it neither binds to gp160 
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nor is it polyreactive (Table 1).  

 

 

Table 1. Repertoire and reactivity of gp160-specifc and control antibodies 

 
 (-) and (+) indicate the numbers of negatively and positively charged amminoacids in the IgH complementary determining region (CDR3), respectively.  

VHmut and Vk/l mut indicate the total number of mutations in the VH and VL Ig genes. CD4bs, CD4 binding site; CD4i, coreceptor CD4 induced site; V3, gp120 
variable loop 3; gp41ID, gp41 immunodominant epitope; Neut., neutralization activity; Poly., polyreactivity. 

 

For the introduction of a flexible (Gly3Ser)4 linker between VH and VL domains 

specific primers were used (Fig. 2A).  
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Figure 2. (A) Nucleotide sequences of the primers used to generate scFv DNA fragments by PCR. (B) Cloning 
strategy of the scFv DNA fragments into the modified human IgG1-expressing vector. VH, heavy-chain variable 
domain; VL, light-chain variable domain; H, hinge; L, linker; CH, heavy-chain constant domain. *, The aminoacid 
substitutions introduced in the vector by site-directed mutagenisis. (C) SDS-Page, Coomassie blue-stained (CB-
G250) showing the production of the three possible antibody combinations according to the FLAG- and HIS-
tagged vector ratio used for 293T-cell co-transfection. Western blot showing FLAG- or HIS-tagged molecules. (D) 
SDS-Page, Coomassie blue-stained (CB-G250) showing the production of HIS- and FLAG-tagged heterodimer 
after Protein G and HisPurTM cobalt affinity chromatographies. HIS- and FLAG-tags are visualzied by Western blot 
analysis. 

 

To monitor the proper heterodimer formation we introduced a unique HIS- or FLAG 

tag at the C-terminal of each scFv-Fc arm (Fig. 1A, Figs. 2B and 2C). 
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The scFv-Fc construct preserves binding and neutralizing properties of 
the parental IgG 
 

To ensure that the binding and neutralizing properties of the original IgG are 

preserved when expressed as scFv-Fcs, we generated homodimeric scFvs (scFv2-

Fc) using 10-188, an anti-V3 antibody (Mouquet et al., 2011). ELISA experiments 

showed that purified 10-188 scFvFc2 recognized artificial YU-2 gp140 trimers and 

YU-2 gp120 trimers with the same binding activity as 10-188 IgG antibody (Figs. 1B 

and 1C). In addition, the in vitro TZM-bl cell assay showed that the native 

neutralization profile of the 10-188 IgG antibody was similar to the 10-188 scFv2-Fc 

(Fig. 1D, Table 2) 

 

Table 2. In vitro TZM-bl neutralization assay of the anti-HIV gp120/gp41 BiAbs !"#$%&'()&*+&,-./0&!123#$&+%4./"$-5".-0+&"66"7&08&.9%&"+.-3:*;&<=>(?@A>&B-C#6&
&

!
"#$%&'(!)*+),-.&!-*.)%/+0!123!,/*,&*.'-.)/*(!)*!425$6!./!'&-,7!.7&!189:!)*!.7&!;<=>%6!*&#.'-6)?-.)/*!-((-0@!A/'!+)'&,.!,/$B-')(/*C!.7&!D)E%!,/*,&*.'-.)/*(!./!
'&-,7!.7&!189:!-'&!&FB'&((&+!)*!425$6!/G!123@!H!)*+),-.&(!.7-.!.7&!189:!G/'!-!2)I&*!I)'#(!J-(!*/.!'&-,7&+!-.!.7&!,/*,&*.'-.)/*!.&(.&+@!=#KLC!=#')*&!6&#M&$)-!I)'#(C!
)(!.7&!*&2-.)I&!,/*.'/6@!!!

!-%/& >& !! (& !! !! & &&
D$"E%& C& && B& !! D& & DFG?(3CH& && C& && && ! !!

;-
/4
6&

I
J(
KL
)M
&

'G
>K
()
N'
&

B
"N
)(
K&

''
>>
OK
)>
&

KP
LP
)L
&

2
Q
OK
P)
(K
&

12
>?
OG
)R
B
A&

!(
S>
3>
>&

LL
KP
),
()
T(
?&

2
4N
;&

&& !!
&& && && && && && && && && && & && && && && && & !!
*<H&& !! !! !! !! !! !! !! !! !! ! !! !! !! !! !! ! !!
N>OPQ! N@R:! !! S@S:! T@R:! QO@U! H9:! !! H!9:! SN@Q! ! H!P:! !! H!P:! !! H9:! ! !!
U>US! N9@S! !! :@T:! T@R:! O@T:! H9:! !! :@:9! N:@QO! ! 9@PU! !! !H!PQ! !! H9:! ! !!
N:>NOO! :@9R! !! :@:U! :@9S! U@R:! N@TN! !! :@:N! Q@RO! ! :@QS! !! S9@9! !! HN::! ! !!
$3V9Q! HNS9! !! HNS9! HNS9! HNS9! HNS9! !! HNS9! H!US! ! H!US! !! H!US! !! HNS9! ! !!
B-C#&T0+./0$& !! !! !! !! !! !! !! !! !! ! !! !! !! !! !! ! !!
N>OPQ5$3V9Q! NO@P! !! U@US! OS! HNOU! HNOU! !! HNOU! NTU! ! H!SS:! !! H!SS:! !! HNOU! ! !!
U>US5$3V9Q! HNUP! !! N@TR! 9P! NT@Q! HNUP! !! :@OU! H!QO! ! H!QO! !! H!QO! !! HNUP! ! !!
N:>NOO5$3V9Q! S@NT! !! :@SQ! Q@RS! NN@Q! P@RS! !! :@NS! PO! ! S@SS! !! QN@N! !! HS:Q! ! !!
9>S95$3V9Q! HT:! !! HT:! HT:! HT:! HT:! !! HT:! H!QN! ! H!QN! !! H!QN! !! HT:! ! !!
<=>(?@A>&B-C#& !! !! !! !! !! !! !! !! !! ! !! !! !! !! !! ! !!
N>OPQ59>S9! :@:O! !! U@TP! NP@9! :@Q:! :@NN! !! HNPU! NTO! ! H!SQR! !! H!SQR! !! HNPU! ! !!
U>US59>S9! :@N:! !! S@QP! H9N! :@:Q! H9N! !! :@:S! NQT! ! NNQ! !! !H!NPT! !! H9N! ! !!
N:>NOO59>S9! :@:9! !! :@NO! U@QU! :@:Q! :@:O! !! :@:9! N::! ! S@RS! !! T:! !! HN:O! ! W:@9!
*<H&2-U& !! !! !! !! !! !! !! !! !! ! !! !! !! !! !! ! N>9!
N>OPQX9>S9! S@US! !! :@OQ! R@NQ! 9P! 9N! !! HP:! "Y! ! "Y! !! "Y! !! HP:! ! 9>N:!
U>USX9>S9! R@:9! !! :@O:! QQ@T! R@ST! HPN! !! :@:T! "Y! ! "Y! !! "Y! !! HPN! ! N:>9:!
N:>NOOX9>S9! :@US! !! W:@:Q! :@TR! S@9U! S@TO! !! W:@:Q! "Y! ! "Y! !! "Y! !! H9P! ! H9:!

 

In summary, the original binding and neutralizing properties of the anti-HIV antibody 

are preserved by the scFv2-Fc. 
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HIV-1 gp120/gp41-bispecific antibodies present simultaneously binding 
to gp120 and gp41  
 

For the production of the BiAbs, we chose three different human anti-gp120 

antibodies with a modest neutralizing activity and one gp41 antibody with no 

neutralizing activity. The anti-gp120 antibodies recognize different epitopes: 10-188 

binds selectively to a linear epitope in the variable loop V3 (gp120V3) (Mouquet et al., 

2011), while the other two target the CD4 binding site (CD4bs) and CD4 induced site 

(CD4i) (1-863 and 4-42, respectively) (Scheid et al., 2009) (Table 1).  

The anti-gp120 arms were combined with the anti-gp41 antibody 5-25 that targets the 

immunodominant linear epitope of gp41 (gp41ID) (Pietzsch et al., 2010). As a control 

we paired the anti-gp120 antibodies with the non-specific mGO53 (Wardemann et al., 

2003). Our production comprised three gp120/gp41 BiAbs (10-188/5-25, 1-863/5-25 

and 4-42/5-25) and their corresponding gp120/mGO53 controls (10-188/mGO53, 1-

863/mGO53 and 4-42/mGO53). We reached a purity of roughly 90% using 

successive affinity chromatography (Figs. 2C and 2D). 

As an additional control we produced anti-gp41 5-25/mGO53 heterodimer. To 

monitor the correct expression of the heterodimeric BiAbs anti-HIS and anti-FLAG 

western blot analysis was used (Fig. 1B). 

The next step was to analyze the binding properties of the anti-gp120/gp41 and 

controls to gp140, gp120 or gp41. For that matter, we used surface plasmon 

resonance (SPR) and ELISA assays. The results show that all anti-gp120/gp41 

BiAbs and controls recognized gp140 trimers, like the original anti-HIV IgG (Figs. 3A  

and 4A). 
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Figure 3. (A) Surface plasmon resonance (SPR) analysis of the interaction of the anti-gp120/gp41 BiAbs, IgG 
and BiAb controls with the gp140, gp120 and gp41 ligands immoblized at low density on the sensor chips (100 
response units). Graphs show SPR sensorgrams over time for the binding of the selected antibodies. (B) SPR 
analysis of the anti-gp120/gp41 monovalently bound to gp120 immobilized on the low density chip (100 RU) 
(binding 1) with in solution-injected gp41 (binding 2), as illustrated by the schematic diagram. (C) SPR analyses 
show no interaction of the BiAb controls monovalently bound to gp120 immobilized on the low density chip (100 
RU) (binding 1) with in solution-injected gp41, as depicted in the diagram on the left-hand side. RU, response 
units.  

 

 
 

Figure 4. (A) ELISA: Binding analysis of anti-gp120/gp41 BiAbs and parental IgG to gp140. (B) Binding of anti-
gp120/gp41 BiAbs and controls to gp120 and gp41 antigen measured by ELISA. X-axis shows the antibody 
concentration (nM) required to obtain the ELISA values (OD405 nm) indicated on the y-axis. Error bars indicate the 
SEM. 

 

Furthermore, anti-gp120/41 BiAbs bound to both gp120 and gp41 antigens while the 
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gp120/mGO53 and gp41/mGO53 BiAb controls only recognized either gp120 or gp41 

(Figs. 3A and 4B). We performed ELISAs using gp120V3 and gp41ID peptides, as well 

as two mutant proteins: gp120(D368R) which impedes the binding to the CD4bs (Li 

et al., 2007), and gp120(I420R) which blocks the binding to CD4i (Thali et al., 1991) 

to further prove that the anti-gp120/gp41 BiAbs and BiAb controls bind to gp140 with 

the original profile like the parental anti-gp120 and anti-gp41 IgG antibodies. BiAbs 

based on the 10-188 antibody bound to gp120V3 peptide and to both of the modified 

gp120 proteins, whereas the BiAbs derived from 1-863 and 4-42 presented a 

decrease in binding potency to gp120(D368R) and gp120(I420R) (Fig. 5).  

 

Figure 5. ELISA graphs show reactivity of anti-gp120/gp41 BiAbs, IgG and BiAb controls to gp120, 
gp120(D368R), gp120(I420R) and gp120V3 peptide. CD4bs- and CD4i-specific antibody reagents show no 
reactivity against gp120(D368R) and gp120 (I420R) mutant proteins. Only V3-specific antibodies (10-188 and 
derived BiAbs) reacted with gp120V3 peptide. Error bars indicate the SEM. 

 

Further ELISA experiments showed that only anti-gp120/41 BiAbs and anti-gp41  

5-25/mGO53 heterodimer bound to the gp41ID protein (Fig. 6). 
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Figure 6. (A) Amino acid sequences of the gp41 overlapping peptides used in the ELISA assays presented in B 
and C. The immunodominant epitope (gp41ID) marked red. Antigenic clusters shown on the bottom. (B) Bar graph 
shows the ELISA reactivity of 5-25 IgG and BiAb control (5-25/mGO53) against the selected gp41 peptides. 
ELISA graph shows the binding of 5-25 IgG and BiAb control against gp41584-603 that contains the gp41ID epitope. 
The x-axis shows the antibody concentration (nM) reqired to obtain the ELISA values (OD405nm) indicated on the 
y-axis. Green and black dotted lines show the negative (mGO53) (Wardemann et al., 2003) and positive (10-
1255)(Mouquet et al., 2011) control antibodies. (C) Same as (B) except for anti-gp120/gp41 BiAbs and BiAb 
controls (anti-gp120/mGO53 heterodimers). 1-863/5-25 BiAb also bound strongly to peptides 579-598 and 589-
608 that contains partial gp41ID epitope suggesting that the artificial pairing of the 1-863 anti gp120 scFv-Fc with 
the anti-gp41 antibody arm may have slightly modified its speciticity. Error bars indicate the SEM. 

 
 

In conclusion, these results show that the binding and neutralizing specificities of the 

original IgG against gp120 and gp41 is conserved by the anti-gp120/gp41 BiAbs can 

bind both the gp120 and gp41 subunits of the anti-HIV surface protein. 

 

 

HIV-1 gp120/gp41-BiAbs recognize gp120 and gp41 simultaneously 
 

Surface plasmon resonance (SPR) “sandwich” experiments were performed to 

investigate if the anti-gp120/41 BiAbs can bind to gp120 and gp41 at the same time. 

Soluble gp41 was injected in solution over anti-gp120/41 or control BiAbs bound to 
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gp120 immobilized on SPR chips (Figs. 3B-C). While the anti-gp120 BiAb controls 

did not bind to gp41, there respective anti-gp120/gp41 BiAbs captured the soluble 

gp41 (Figs. 3B-C). Hence, the anti-gp120/gp41 BiAbs can capture their specific 

epitopes simultaneously without the disturbance of the binding of one arm with the 

other one.  

 

 

Heteroligation enhances HIV-1 neutralization 
 

TZM-bl cell infection assays were used to assess the in vitro neutralizing activity of 

our anti-gp120/41 BiAbs. Different pseudovirus variants were tested (Table 2). The 

first question we addressed was if neutralization potency and/or breadth were 

increased comparing the BiAbs to the regular anti-gp120 antibodies. Our results are 

expressed as molar neutralization ratio (MNR). This presentation method was 

chosen to account for any differences in the number of binding sites per antibody. To 

start off, in most cases the anti-gp120/41 BiAbs had far more neutralizing potency to 

the selected HIV variants than their respective control molecule (Fig. 7 and Table 2 

and 3). 
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Figure 7. Neutralization curves of selected viruses for anti-gp120/gp41 BiAbs and controls. X-Axis shows 
antibody concentrations (nM) required to achieve 50% neutralization (IC50) indicated by the dashed line. Error 
bars indicate the SD. 
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On top of that, our anti-gp120/41 BiAbs exhibited a higher neutralizing activity 

compared to their parental anti-gp120 IgG antibodies for many viruses tested  
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(Figs. 8A-D, Table 2 and 3).  

 

 

Figure 8. (A) Neutralization curves of SS1196.1 pseudovirus for 10-188 BiAb and controls. The x-axis shows the 
antibody concentration (nM) required to achieve 50% neutralization (IC50) indicated by dashed line. (B) Bar graph 
shows the molar neutralization ratio (MNR) values comparing the IC50 concentrations of the anti-gp120/gp41 
BiAbs and original anti-gp120 IgGs for each virus tested. (C) Pie charts show the frequency of virus variants 
showing enhanced neutralization with the anti-gp120/gp41 BiAbs compared to parental anti-gp120 IgG 
antibodies. (D) Dot graph shows IC50 concentrations of anti-gp120/gp41 BiAbs compared to controls for the 
neutralization of the selected HIV viruses. Median IC50 values are indicated for each group by horizontal lines. (E) 
Bar graph shows the MNR values comparing the IC50 concentrations of the parental anti-gp120 IgGs mixed with 
5-25 anti-gp41 IgG and anti-gp120 IgG mAbs alone for selected viruses. (F) Bar graph shows the fold decreases 
for the neutralization activity of the anti-gp120/gp41 BiAbs in presence of gp41ID peptide against viruses tested. 

 

For example, the BiAb based on the 1-863 anti-gp120 antibody showed a 24-, 128- 

and over 455- fold increase in neutralization potency for 6535.5, SS1196.1 and 

DJ263.8 in comparison to it’s original form (Figs. 8B, Fig. 7 and Table 2). In general, 

the BiAbs showed a 33%-50% increase in neutralization potency across all tested 

viral strains when compared to the IgGs they were derived from (Fig. 8C). 

Furthermore, the anti-gp120/41 BiAbs showed lower median IC50 concentrations for 

the neutralization of the viral strains than the IgG and BiAb control antibodies (Fig. 

8D). Furthermore, the tested viruses (6535.3, DJ263.8 and SS119.1) showed an 

increase in sensitivity to neutralization by the BiAb compared to anti-gp120 IgG 
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controls, irrespective of the targeted antigen of the anti-gp120 arm (Figs. 8B and 7, 

Tables 2 and 3). 

 

 

Gp120/41-BiAbs require heteroligation for HIV-1 neutralization 
 

To test if the enhanced neutralization was not just due to a synergetic effect by 

different BiAb molecules binding independently to gp120 and gp41, we prepared 

equimolar mixtures of anti-gp120 and anti-gp41 IgGs and Fab fragments. In 

coherence with our previous the results, neither the Fab nor the IgG showed an 

increase in neutralization activity for the tested HIV strains when compared to their 

parental anti-gp120 IgG (Fig. 8E, Fig. 9 and Tables 2).  

 

 

 

Figure 9. (A) SDS-Page, Coomassie blue-stained shows Fabs and IgGs of the parental anti-gp120 (10-188, 1-
863 and 4-42) and anti-gp41 (5-25) antibodies used to generate gp120/gp41 BiAbs. MW; molecular weight. (B) 
Graph shows the ELISA reactivity of the Fab fragments presented in (A) against gp140. Green line shows the 
negative control antibody mGO53. (C) Bar graph shows the molecular neutralization ratio (MNR) values 
comparing the IC50 concentrations of the parental anti-gp120 Fab fragments mixed with 5-25 anti-gp41 Fab and 
anti-gp120 IgG antibodies for the selected viruses. Error bars indicate the SEM. 

 

To verify that the increase in neutralization potency is dependent on the binding of 

the anti-gp41 arm of the BiAbs, competetition neutralization assays were performed. 

Soluble gp41ID was added to the mix to block the gp41-specific arm of the antibody. 

In the presence of the gp41ID peptide (specific epitope of 5-25 anti-gp41 antibody), 
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the neutralizing activity of the anti-gp120/gp41 antibodies was abolished (Fig. 8F and 

10). 

 

 
 

 

 

Figure 10. (A) Graphs show solution competition assay for binding to gp140(red)- and gp41(blue)-coated ELISA 
plates of anti-gp120/gp41 BiAbs and anti-gp41 IgG antibody control using gp41ID peptide as competitor. Error 
bars indicate the SEM. (B) Graph shows neutralization curves of the selected viruses for anti-gp120/gp41 BiAbs 
in presence or absence of gp41ID peptide. Neutralization curves of BiAb controls are presented for comparison 
puposes. X-axis shows antibody concentration (nM) required to achieve 50% neutralization (IC50) indicated by the 
dashed line. Error bars indicate the SD.  

 

Neutralization profiles of the BiAbs during these competition assays resembled the 

ones of their corresponding anti-gp120 BiAb control (Fig. 10B). 

We conclude that simultaneous binding to gp120 and gp41 is required by the BiAbs 

to achieve an increase in neutralizing potency against sensitive viral strains.  
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Discussion 
 

To this day, only few studies have investigated the relationship of an antibody’s 

binding profile and its neutralization potency. One study in particular demonstrated 

that simultaneous antibody binding to influenza and respiratory syncytial virus 

provided an increase in apparent affinity and a higher neutralization activity. In 

contrast to HIV, these viruses present antigens at a very high density on their surface 

(Klein et al., 2009, Klein and Bjorkman, 2010) (Roost et al., 1995, Wu et al., 2005, 

Barbas et al., 1994). The number of randomly distributed gp160 trimers expressed on 

a mature HIV-1 virion is as low as 10-15. This has been shown by cryoelectron 

microscopy (Zhu et al., 2006, Klein and Bjorkman, 2010). Hence, the distance 

between spikes is likely to be too far to allow for an antibody to capture two spikes 

simultaneously (Zhu et al., 2006, Klein et al., 2009, Klein and Bjorkman, 2010). There 

are a several options to address this issue. In theory, bivalent binding could be 

achieved by modifying the architecture of the antibody, the number of binding sites 

(valency) or the specificity of the antibody to allow for intra-molecular binding of the 

envelope spike. 

Previous studies showed that the polymerization (IgA and IgM) of the broadly 

neutralizing antibodies 2F5 and 2G12 lead to an increase in neutralization potency 

and breadth in comparison to the respective IgG molecule (West et al., 2009) 

(Wolbank et al., 2003). Furthermore, molecules have been artificially engineered 

which are able to cross-link spikes on the virion’s surface. These molecules consist 

of a CD4i-directed Fab or IgG fused to CD4 hence, producing a compound that binds 

simultaneously to the CD4 binding site and the CD4 induced site on gp120. For 

selected pseudoviruses these constructs exhibited an increase in neutralization 

potency compared to their parental IgG antibodies (Dey et al., 2003, West et al., 
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2010). Finally, enhanced neutralization potency was observed in a study where the 

2F5 antibody bivalently recognized it’s original epitope expressed on gp41 and a 

second 2F5-epitope artificially grafted into the gp120-variable loop 4 (Wang and 

Yang, 2010). Apart from the previous methods, another way to achieve heterotypic 

bivalent binding involves targeting the surface spike and the lipids of the virion’s 

envelope at the same time. The antibody’s interaction with the surface lipids is 

essential for neutralization, although the exact mechanism is yet to be described 

(Alam et al., 2007, Alam et al., 2009, Scherer et al., 2010, Veiga et al., 2009). There 

are two possible explanations of this effect. First, the lipid binding may just increase 

the local concentration of the antibody and hence increase the number of antibodies 

binding to the envelope leading to a stronger neutralizing effect (Ofek et al., 2010, 

Julien et al., 2010, Scherer et al., 2010). Alternatively, bivalent heterotypic binding 

may cause the observed effect. For instance, the 21c antibody that recognizes both 

CD4 and the CD4 induced site shows that heteroligation due to a single arm 

increases neutralizing potency (Diskin et al., 2010). Furthermore, it has been 

described previously that the majority of anti-gp160 antibody repertoire display 

polyreactivity (Mouquet et al., 2010). These antibodies allow for simultaneous binding 

to a high-affinity antigen on a surface spike and a second low-affinity antigen on 

another molecular structure on the virion. These antibodies target a specific ligand 

with one arm and a different antigen with the second arm, which creates an increase 

in avidity (Mouquet et al., 2010). 

To study the effect of heteroligation on neutralization potency, we artificially 

engineered bispecfic antibodies with one neutralizing anti-gp120 arm paired with a 

non-neutralizing anti-gp41 arm. Surface Plasmon resonance and ELISA experiments 

prove that these molecules preserved the binding characteristics of their respective 

parental IgG and where able to bind gp120 and gp41 at the same time. The addition 
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of the anti-gp41 arm, but not the pairing with a non-specific arm (control construct), 

lead to an increase in neutralizing potency against some but not all HIV-1 strains 

tested compared to their original IgG antibodies. The neutralizing activity varied 

through viruses tested. This might be due to the fact that the architecture and the 

expression density of gp160 trimer differ between viral strains. 

 In conclusion, our artificially engineered anti-gp120/gp41 BiAbs showed an 

increase in neutralizing potency, although the exact molecular mechanism was not 

explored. Bivalency could either be achieved by inter- or intraspike binding of the 

antibodies. The gain in avidity is most likely the reason for the increase in neutralizing 

potency of the anti-HIV BiAbs engineered in this study.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 45 

Abstract 
 

The serologic response to HIV-1 in human beings is thought to be crucial for the 

development of a potent vaccine. Antibodies targeting the HIV-envelope protein, 

gp160, have been isolated from a small group of people that show very efficient 

neutralizing activity in vitro. Further studies showed that these antibodies protected 

monkeys against SHIV infection when transferred passively. Although these potent 

antibodies exist in infected humans, they are scarce. They are generated rarely, 

because the HIV-1 virus employs multiple strategies to evade the immune response 

including a glycan shield that protects the Env protein, mutation of viral surface 

protein gp160 and the expression of the surface epitope presenting spikes at a very 

low density. The latter is thought to interfere with the bivalent binding of the antibody. 

Hence, the apparent affinity or avidity of the antibody is decreased which leads to 

lower neutralization potency. 

To counteract the problem of monovalent binding we engineered bispecific anti-HIV-1 

antibodies (BiAbs) that can bind bivalently. These BiAbs comprise one scFv arm that 

binds to gp120 and a second arm to the gp41 subunit of gp160. Both arms 

persevered the binding characteristics of their original anti-HIV IgG while binding 

simultaneously to gp120 and gp41 as a heterodimer. These BiAbs show enhanced 

neutralizing activity against HIV-1 in vitro compared to the parental IgGs. In 

conclusion, heteroligation might be crucial for antibody recognition and the 

neutralization of HIV. 
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Zusammenfassung 
 

Von der durch HIV-1 im Menschen ausgelösten serologischen Reaktion wird 

angenommen, dass sie wichtige Aufschlüsse für die Entwicklung eines wirksamen 

Impfstoffs gegen das HI-Virus bietet. Aus einem kleinen Patientenkollektiv konnten 

Antikörper isoliert werden, die gegen das Hüllprotein gp160 gerichtet sind und starke 

Neutralisierungsaktivität in vitro zeigen. Darüber hinaus, schützt passive Gabe dieser 

Antikörper Affen vor Infektion mit SHIV. Diese Antikörper existieren in infizierten 

Individuen, sind aber rar. Sie werden selten gebildet, weil das HI-Virus vielseitige 

Mechanismen aufweist, welche es vor der immunologischen Antwort schützen. Zu 

diesen Strategien gehören: ein Glykanschild, welches Antigen präsentierende 

Hüllproteine verdeckt, die hohe Mutationsrate des Hüllproteinvorläufers gp160 und 

die sehr geringe Expressionsdichte der Oberflächenproteine. Letzteres könnte die 

bivalente Bindung des Antikörpers verhindern. Dadurch wird die Affinität des 

Antikörpers zu dem Virus negativ beeinflusst und dessen Neutralisierung behindert.  

 

Um das Problem der monovalenten Bindung zu lösen, haben wir künstlich 

bispezifische anti-HIV-1 Antikörper (BiAbs) hergestellt, die in der Lage sind eine 

bivalente Bindung am Virion herzustellen. Diese BiAbs bestehen aus einem scFv-

Arm, der gp120 bindet und einem zweiten Arm, der die gp41 Untereinheit von gp160 

bindet. Beide Arme bewahren die Bindungscharakteristiken ihrer ursprünglichen anti-

HIV IgGs. Als Heterodimer binden sie gp120 und gp41 gleichzeitig. Im Vergleich zu 

ihren ursprünglichen IgGs zeigten die BiAbs erhöhte Neutralisierung des HI-Virus in 

vitro. Aus diesen Ergebnissen schließen wir, dass „Heteroligation“ eines Antikörpers 

wahrscheinlich eine zentrale Rolle bei der Erkennung und Neutralisierung des HI-

Virus spielt. 
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