
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Neutralizing antibodies to the HIV-1 envelope glycoproteins

Labrijn, A.F.

Publication date
2004
Document Version
Final published version

Link to publication

Citation for published version (APA):
Labrijn, A. F. (2004). Neutralizing antibodies to the HIV-1 envelope glycoproteins. [,
Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:24 May 2023

https://dare.uva.nl/personal/pure/en/publications/neutralizing-antibodies-to-the-hiv1-envelope-glycoproteins(2f81eede-01c1-4d13-b395-680014a8a5f6).html


anim f„ la bnp 
ÉDtafe to th 

|ll^e®pir®ËtDini! 



Neutralizing Antibodies to the 
HIV-1 Envelope Glycoproteins 



Colofon 

Neutralizing antibodies to the HIV-1 envelope glycoproteins 
Thesis, University of Amsterdam 
ISBN 90-9017737-X 

© 2004, Aran Frank Labrijn 
Cover illustration: HIV Wars: The Antibody Strikes Back. Antibody models were derived from crystal 
structures 1HZH (Saphire, E.O., et al: Science (293): 1155-1159 7001) and 1IGY (Harris, L.J., etal; 
J. Mol. Biol. (275): 861-872 1998) as deposited in the Protein Data Bank (www.rcsb.org/pdb/). 
Artwork by Joost Bakker. 

Printed by: PrintPartners Ipskamp 

2 

http://www.rcsb.org/pdb/


Neutralizing Antibodies to the 
HIV-1 Envelope Glycoproteins 

ACADEMISCH PROEFSCHRIFT 

ter verkrijging van de graad van doctor aan de Universiteit van Amsterdam op gezag 
van de Rector Magnificus prof.mr. P.F. van der Heijden ten overstaan van een door 
het college voor promoties ingestelde commissie, in het openbaar te verdedigen in de 
Aula der Universiteit 

op dinsdag 24 februari 2004, te 12:00 uur 

door Aran Frank Labrijn 
geboren te Amsterdam 

3 



Promotiecommissie: 

promotor: 

co-promotores: 

prof.dr. C E . Hack 

dr. J.G. Huisman 

dr. P.W.H.I. Parren 

overige leden: prof.dr. L.A. Aarden 

prof.dr. S.J.H, van Deventer 

prof.dr. F. Miedema 

prof.dr. A.D.M.E. Osterhaus 

prof.dr. H. Pannekoek 

prof.dr. J.G J . van de Winkel 

Faculteit der geneeskunde 

The research described in this thesis was conducted at the Department of Immunopathology of 
Sanquin Research at CLB and Landsteiner Laboratory, Academie Medical Center, University of 
Amsterdam. Amsterdam. The Netherlands and the Department of Immunology of The Scripps 
Research Institute, La Jolla. California, United States of America. 

Financial support for the printing of this thesis by the 
following institutions is gratefully acknowledged: 
Genmab BV, Utrecht, The Netherlands 
Sanquin Research, Amsterdam, The Netherlands 
University of Amsterdam, Amsterdam, The Netherlands 

4 



Je gaat het pas zien als je het doorhebf 

J. Cruijff 

Voor wie ik liefheb & 
de volgende generatie 
onderzoekers 

5 



6 



( 

Contents 

ABBREVIATIONS 

CHAPTER 1; 

Antibodies, phage display and membrane proteins 

CHAPTER 2: 

Neutralizing epitopes of HIV-1 

CHAPTER 3: 

Novel strategy for the selection of recombinant human Fab fragments to 
membrane proteins from a phage-display library 

CHAPTER 4: 

Immunogenic comparison of membrane-associated and soluble recombinant 
Human Immunodeficiency Virus Type 1 envelope glycoproteins 

CHAPTER 5: 

Broadly cross-reactive HIV-1-neutralizing human monoclonal Fab selected for 
binding to gp120-CD4-CCR5 complexes 

CHAPTER 6: 

Access of whole antibody molecules but not antibody fragments to the 
conserved coreceptor binding site is sterically restricted on primary R5 HIV-1 

CHAPTER 7: 

Crystal structure of broadly HIV-1-neutralizing Fab X5 and proposition of its 
epitope 

CHAPTER 8: 

Broadly neutralizing antibodies targeted to the membrane proximal external 
region of human immunodeficiency virus type 1 glycoprotein gp41 

CHAPTER 9: 

General Discussion 

SUMMARY / SAMENVATTING 

CURRICULUM VITAE 

LIST OF PUBLICATIONS 

DANKWOORD 



r/ 

Abbreviations 

r f r 

A Ab antibody 
antigen 

B BSA bovine serum albumin 
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CD4bs CD4 binding site 
CDR complementarity determining region 
CoR coreceptor 
CoRbs coreceptor binding site 
CXCR4 C-X-C chemokine receptor 4 

E ELISA enzyme-linked immunosorbent assay 
Env envelope glycoprotein 
ER endoplasmatic reticulum 

F Fab fragment antibody binding 
Fc fragment crystalline 
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FR framework region 
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gp120 HIV-1 surface glycoprotein (120kD) 
gp160 HIV-1 precursor glycoprotein (160kD) 
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HIVIG HIV-1 immune globulin 
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M mAb monoclonal antibody 

N NP NP-40, nonidet P-40 
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scFv single-chain Fv 
SHIV simian/ human immunodeficiency virus 
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SIV simian immunodeficiency virus 

T TCLA T cell line adapted 
TM transmembrane 

X X4 HIV-1 isolates with tropism for CXCR4 
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CHAPTER 1 

"Yet it was with those who had recovered from the disease that the sick and the dying found compassion. These 
knew what it was from experience, and had now no fear for themselves; for the same man was never attacked 
twice—never at least fatally." (88) 

Thucydides, 431 B.C. (Probably the earliest reference 
to immunity, found in an account of the plague (most 
likely Pasteurella pestis) that afflicted Athens in 431 
B.C.). 

Introduction 
Although vaccination, i.e. the induction of 

immunity, was already a proven principle from studies by 
Edward Jenner (33) and Louis Pasteur (63), it wasn't until 
1890 before the first insights into the mechanism of 
acquired immunity were obtained from the experimental 
work by Emil von Behring and Shibasaburo Kitasato (93). 
They demonstrated that the protective immune state of 
rabbits vaccinated with diphtheria toxin could be 
transferred to unvaccinated animals via the serum. The 
protective agents responsible, then called antitoxins, later 
turned out to be immunoglobulin (Ig) molecules, i.e. 
antibodies, and were thus probably the first proteins to be 
recognized as potential therapeutic agents. 

Antibodies 
Antibodies are produced by B-cells in response 

to challenge with foreign substances, i.e. antigens, and 
consequently antigen-specific antibodies can be found in 
the serum of the challenged animals. The antibodies act 
by binding to the antigen (and associated pathogens) and 
mediate their elimination via complement activation, 
antibody-dependent cell-mediated cytotoxicity (ADCC) or 
phagocytosis (38). Additionally bound antibodies may 
sterically interfere with the biological function of the 
antigen and thus neutralizing it (57). 

During early B-cell development in the bone 
marrow, a number of mechanisms have evolved to 
maximize the antibody diversity required to counteract the 
broad range of potential antigens and pathogens. These 
include genomic rearrangement of variable- (V), diversity-
(D) and joining gene segments (J), somatic mutation of 
rearranged V(D)J genes. P-/ N-nucleotide addition and 
combinatorial association of heavy- and light chains (Fig. 
1.1). After a successful rearrangement of each heavy- and 
light chain, a process called allelic exclusion ensures that 
each individual mature B-cell released into circulation 
expresses membrane-bound antibody molecules with only 
a single specificity. Upon encountering antigen, the 
specific B-cells internalize the antigen, where it is 
degraded into peptides for MHC II presentation on the 
membrane. In the lymph node or spleen, peptides are 
recognized by specific CD4* T-cells, i.e. TH cells, which in 
turn trigger the activation of B-cell proliferation. Activation 
of B-cells leads to additional somatic hypermutations in 
the V(D)J region followed by positive selection of B-cells 
with higher affinity for the antigen. This process, called 
affinity maturation, can result in an increase of 2-4 logs in 
affinity. Furthermore, during proliferation activated B-cells 
can switch Ig isotypes under influence of various cytokines 

secreted by activated TH cells. B-cells proliferate into 
either memory B-cells, capable of mounting an immediate 
high affinity response upon renewed contact with the 
antigen, or plasmacells, specialized antibody secreting 
cells that home to the bone-marrow. 

Monoclonal antibodies 
As mentioned before, the passive transfer of 

antibodies in immune sera may confer protection to 
recipients. However, serum-based treatment in a foreign 
species, i.e. differing from that of the serum donor, limits 
repeated administration of the serum as the foreign origin 
leads to the development of circulating immune 
complexes, causing a combination of symptoms, generally 
referred to as serum sickness. Moreover, as individual 
antibody responses are variable, the exact composition of 
the polyclonal immune sera is non-reproducible. 

A significant advancement in antibody research 
came with the introduction of the hybridoma technology by 
Georges Kohier and Cesar Milstein in 1975 (36). With this 
technique, splenic B-cell from immunized animals are 
fused with a myeloma cell-line, creating an hybrid cell 
called a hybridoma, that possesses the immortalized 
properties of the myeloma cell and secretes antibodies of 
a predefined single specificity. These monoclonal 
antibodies (mAbs) can thus be produced in large 
quantities making them available for use in diagnostic and 
therapeutic medicine. However, as these mAbs were often 
of murine origin, their potential as therapeutic agents in 
human medicine was limited by the emergence of human-
anti-mouse antibody responses making long-term 
immunotherapy difficult. Human mAbs would thus be 
preferable, but the production of human hybridomas has 
been difficult, mainly due to the instability of the human 
hybridomas (7) and the ethical considerations involved 
with immunizing humans. An alternative for making human 
mAbs. Epstein-Barr virus (EBV) mediated immortalization 
of human B-cells, showed similar limitations (18). 

One strategy to increase the therapeutic 
application of mAbs was to genetically engineer the 
murine mAbs in order to decrease their antigenicity, a 
process called humanization. Indeed, chimeric antibodies, 
with murine variable (V)-domains (determining the antigen 
specificity) and human constant (C)-domains (Fig. 1.1), 
were less immunogenic. However, the murine V-domains 
may still induce a considerable immune response. In 
another approach to humanize mAbs, the CDRs (the 
actual structures that primarily make up the antigen-
binding site; Fig. 1.1B and C) from the murine mAb are 
grafted onto the human framework regions, This reduces 
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Figure 1.1: Organization of antibody genes and antibody protein structure. A) Immunoglobulin heavy chain variable 
domains (VH) are generated by recombination of separate variable (V), diversity (D) and joining (J) gene segments. In 
humans there are approximately 51 functional VH gene segments (20), 27 D gene segments and 6 JH gene segments (38). 
Addition and deletion of P-/ N-nucleotides at the junctions increases the diversity ( t : (38)). The rearranged VDJ segments 
are next linked to one of five constant domain coding gene segments by DNA rearrangement in an event termed 
immunoglobulin class switching (86). The figure shows the recombination events of a human heavy chain. For 
recombination of the human light chain variable region, rearrangements of V (29 V>. (32) and 40 VK (79)) and J gene 
segments occurs. After light chains rearrangement the VJ segment is linked to one of two constant domains of either of /. or 
k- subtype. B) At the protein level the V>, domain is built up of regions that are crucial for the correct antibody structure (FR, 
framework regions) and regions that interact with the antigen (CDR. complementarity determining region). During affinity 
maturation, most somatic mutations cluster in the CDR regions (9, 97). The heavy chain CDR3 is thought to be most 
important for antigen binding. C) The crystal structure of a human lgG1 antibody molecule is shown (75). The right view is 
rotated 90"' along the Y-axis compared to the left view. The antibody molecule is composed of two heavy chains (dark grey) 
associated with two light chains (light grey). The heavy chain CDR regions (HCDR) are indicated (black). Different antibody 
fragments are indicated: Fab (fragment antigen binding), Fc (fragment crystalline). Fv (variable regions of both heavy and 
light chains). 

the immunogenicity even further, however for optimal 
results a detailed knowledge of the three dimensional 
structure of the antibody is needed, and the lack of this 
knowledge often leads to a reduction of the binding affinity 
of the CDR-grafted antibodies. 

More recently transgenic mice have been 
constructed that express (part of) the human antibody 
repertoire (27, 40, 89). Upon immunization, these animals 
elicit a human antibody response and human mAbs can 
be isolated using conventional hybridoma technology. As 
a source for diagnostic and therapeutic reagents, this has 
the added advantage that antibodies to antigens that are 
not immunogenic in humans (e.g. self-antigens) can be 
elicited. 

Phage display of antibodies 
Advances in several areas of biology have 

resulted in the development of an alternative to hybridoma 
technology, designated phage display technology. The 
defining moment in molecular biology that led to the 
development of phage display libraries was the expression 

of foreign polypeptides on the surface of filamentous fd 
bacteriophages (84). Filamentous bacteriophages (genus 
Inoviridae) are a family of single-stranded (ss)DNA viruses 
that infect Gram-negative bacteria. The Ff class of 
filamentous bacteriophages is comprised of the f1, fd and 
M13 phages, which share 98% homology in DNA 
sequence, and infects Escherichia coli (£. coli) through its 
F' pili (6, 47, 49, 95). The phage particle has a long 
cylindrical shape and is composed of five coat proteins 
(Fig. 1.2). Smith demonstrated that the minor coat protein 
III. also known as the gene III protein (pill), could tolerate 
insertions of foreign polypeptides. This, together with the 
demonstration that functional antibody fragments could be 
expressed in the periplasmic space of £. coli bacteria (10, 
83) and the design of human antibody gene-specific 
primers (45. 68. 78), suggested that this technique was 
suitable for the expression of entire antibody repertoires 
(naive or immune) on the surface of filamentous phages 
(Fig. 1.3). Two human antibody formats. Fab and single 
chain (sc)Fv (Fig. 1.2), have been displayed on phages 
(5,6,51). Although several phage coat-proteins, e.g. gene 
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CHAPTER 1 

VI protein ( pVI; 34), gene VIII protein ( pVIII; 26, 31) and 
gene IX protein ( pIX; 24) have been used as fusion-
partners, pill has been widely applied in the display of 
antibody fragments, due to its protruding structure and its 
potential for monovalent display ( Fig. 1.2; 5,85). 

Affinity selection (Panning) 
Antibody display libraries made from immunized 

donors may easily contain, 108-109 members, limited only 
by the efficiency of the E. coli transformation (13). Given 
this diversity and the large number of phages that can be 
obtained in culture (typically 1012 phages/ml, thus 103-104 

copies of each member), isolating a desired specificity 
from the repertoire of cloned antibodies presents the 
primary challenge. However, the physical linkage between 
phenotype (expressed protein) and genotype (DNA 
encoding the expressed protein) in the phage particle, 
allows for an affinity based selection and amplification of 
specific clones (56). For selection of antibodies, 
consecutive rounds of binding, elution and reamplification 
of the antibody display library can greatly enrich for clones 
with desired specificity (Fig. 1.3). This process is termed 
panning, and usually 3-4 rounds of panning are required 
to isolate a panel of antigen specific high-affinity antibody 
fragments. Specific phages that were present in the initial 
library at frequencies in the order of 1 in 107 can thus be 
revealed (12). 

Membrane antigens 
Traditional selection strategies for the isolation 

of specific mAbs often depend on the availability of 
purified antigen. Some antigens, however, may not be 
available in purified form, either because their identity is 
unknown or because the purification procedure influences 
their physiologically relevant conformation, e.g. integral 
membrane proteins, which in turn may adversely affect the 

Figure 1.2: Phage structure. A) The characteristic long 
filamentous shape of the Ff phages is seen in this EM 
image of a fd phage particle. The phage particle is 
composed of a circular ssDNA genome (-6400 bases), 
coding for ten proteins, which is encased in a protein 
cylinder, approximately 6.5 nm in diameter and 930 nm in 
length (16, 85). B) The length of the particle is composed of 
approximately 2800 copies of the major coat protein, also 
called gene VIII protein (pVIII). At the proximal end of the 
particle (the first to cross the membrane when the phage 
leaves the host cell), five copies each of the gene VII 
protein (pVII) and gene IX protein (pIX) form a 30A plug 
structure. The distal end of the phage particle terminates 
with five copies each of the gene III protein (pill) and gene 
VI protein (pVI) (16, 4 1 . 42, 82). C) Schematic 
representation of wild-type (WT) pill (left) and antibody 
fragment-pill fusion proteins (middle and right). Pill is 
composed of three domains D1, D2 and D3. separated by 
glycine-rich repeats (29, 87). Whereas the D3 domain is 
required for incorporation of pill into the phage particle, the 
D2 and D1 domains mediate infection via interaction with 
the bacterial F' pilus and Tol A receptor, respectively. For 
display of antibody fragments, Fab (middle) or single-chain 
(sc)Fv (right) antibody fragments are expressed as pill 
fusion proteins. Fd (variable and first constant domain of the 
heavy chain). LC (light chain), scFv (Fv fragment (Fig. 
1.1C) stabilized by a peptide linker). 

selected antibody repertoire. Due to the abundance of 
irrelevant protein, lipid and carbohydrate structures on the 
cell membrane, selection of phages specific for the target 
membrane protein is technically challenging and 
alternative selection strategies for integral membrane 
proteins have been developed (Table 1.1). 

The first strategy involves the partial purification 
of the target-protein by lysing target-protein expressing 
cells and capturing the target protein in ELISA plates (74, 
77). Although the majority of irrelevant structures can thus 
be excluded, integral membrane proteins are often 
dependent on their native environment for their 
physiological conformation. A strategy involving the partial 
purification under mild conditions of the target protein, and 
reconstitution into a membrane environment would allow 
for more experimental control of the physiological 
conformation and the ratio of irrelevant structures to target 
protein. Indeed, a selection with CCR5 (a seven 
transmembrane, G protein-coupled receptor) captured on 
paramagnetic beads and reconstituted into proteo-
liposomes. allowed for the relatively easy selection of 
specific antibody fragments (48). A prerequisite for these 
strategies, however, is the preexistence of a specific 
antibody for capturing of the target-protein. 

Other, more widely used strategies are based 
on whole cells, either fixed or life, as a source of antigen. 
The efficacies of these strategies largely depend on the 
expression level of the target antigen (antigen density) 
(30, 37. 50) and the accessibility of the antigen (30). For 
antigens that are expressed at high levels and whose 
antigenic structures are readily accessible, e.g. blood 
group antigens (44, 81), specific phages can be 
successfully selected by several rounds of positive 
selection on antigen-positive cells. Additionally, successful 
selection strategies based on whole, irradiated or lysed 
enveloped viruses have been described (46, 59, 96). For 

12 



CHAPTER 1 

PBLs 
bone marrow-
spleen 

RNA 

I 
PCR, library construction 

1 

fib 
Discard 
nonspecific 
binders 

—Infect bacteria-<^ 

Conversion to soluble 
Fab expressing phagemid 

Characterization of Fab 

Figure 1.3: Schematic diagram of antibody display library construction and affinity selection (panning). To construct 
an antibody display library, RNA is isolated from tissue containing antibody-producing cells and reverse transcribed into 
cDNA. The DNA fragments encoding the light chain and the Fd parts of the heavy chain (for Fabs) or the variable domains 
of both light- and heavy chains (for scFvs) are then amplified by means of PCR and cloned into a phagemid vector (6). This 
vector is designed to produce the heavy chain fragment as part of a fusion protein with the pill protein (see Fig. 1.2). Upon 
expression of the phagemid vector in E. coli cells both heavy- and light chain fragments or the scFv fragments are targeted 
to the periplasm of the cell, where the conditions are favorable for antibody assembly and folding. The phagemid DNA is 
then rescued by super infection with helper-phage. In the resulting antibody display library each phage particle expresses a 
Fab or scFv molecule on the surface, and harbors the corresponding genes inside. To select specific antibodies the library is 
incubated with immobilized antigen, after which non-specific phages are washed away. Specific phages are then eluted from 
the antigen (e.g. by low pH or an excess soluble antigen), reamplified by infection of E. coli, and the process is repeated. 
One round of selection is referred to as a round of panning. By increasing the stringency of the washing procedure in the 
sequential rounds, high affinity binders are selected. Typically after 3-4 rounds of panning, soluble Fabs or scFvs are 
expressed by removing the pill-encoding fragment. Individual clones are grown and screened by means of ELISA or FACS. 
Clones that are considered positive are then purified and characterized. 

most antigens, however, intricate subtraction and 
depletion strategies are often incorporated to direct the 
selection to the target antigens (Table 1.1). Depletion of 
irrelevant phages can be achieved with rounds of negative 
selection on cells that are target antigen-negative or have 
lower expression levels (17, 30, 43, 50, 52, 64-67, 71, 92, 
94). However, due to the propensity of phages to non
specific adherence, negative rounds of selection can also 
result in the loss of specific phages that are present in the 
library at low starting frequencies. Alternatively, removal of 
non-relevant clones can be achieved by alternating 
selection on different antigen sources, thus homing in on 
target antigen specific clones (1). 

Strategies allowing for simultaneous positive 
and negative selection have also been developed (21, 39, 
55, 72, 80). These strategies involve labeling of cells, 
either with an antibody to another target cell-specific 
membrane protein or via direct labeling of the cell surface 
(e.g. cell-surface biotinylation: 72, 80), to distinguish 
between target antigen-positive and -negative cells. For 
selection, the phage libraries are incubated with mixtures 
of target antigen-positive and negative cells, prior to 
isolation of the labeled cells by cell sorting ( FACS; 21. 39, 
55) or magnetic separation ( MACS; 19, 72, 80). These 

methods allow for the use of complex cell mixtures (e.g. 
tumor homogenates, whole blood cultures) as a source of 
panning antigen. Additionally, the potential loss of specific 
phages due to non-specific adherence in rounds of 
negative selection is minimized. These strategies are 
good candidates for the selection of specific phages 
against antigens with unknown identities. 

Two selection strategies based on whole cells 
are of special note. The first one, the Proximol™ (a.k.a. 
pathfinder selection or proximity selection) strategy, 
involves the use of a horseradish peroxidase (HRP)-
conjugated guiding molecule, either an antibody or ligand. 
that binds specifically to the target antigen (or associated 
protein) (53, 54). In the presence of biotin tyramine, the 
HRP-conjugated molecules catalyze biotinylation of 
phages binding in close proximity to the target antigen, 
allowing for recovery of 'biotin-tagged' phages from the 
total population using streptavidin. Using this strategy, 
phages against carcinoembryonic antigen (CEA), E- and 
P-selectins and CCR5 could efficiently be isolated within 
two rounds of selection (53, 54). Like the strategies 
involving the capture of target antigens from cell-lysates 
(see above), however, the preexistence of a specific 
antibody or ligand is a prerequisite for Proximol™ 
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Table 1.1: Panning strategies for integral membrane proteins 

Ag Source Panning Strategy Ag Library3 References 

Cell lysate mAb capture, ELISA plate 

mAb capture, Magnetic beads 

Virions Whole virus. mAb capture, ELISA plate 

Irradiated virus, ELISA plate 

Viral lysate, ELISA plate 

Fixed cells Depletion/ Subtraction 

Life cells Cells 

Depletion/ Subtraction 

FACS 

MACS 

Proximol' 

Internalizing phages 

Tissue section Tissue section 

Mouse Selection in vivo 

H S V g D & g B 

ErbB2 

CCR5(CD195j 

HIV-1 gp120 

Ebola GP 

CMV, VZV, HSV-1/2, 

Rubella 

m-o-Tac mAb 

? (Epithelium) 

Kpb 

RhD & RhE 

ABO B Ag 

RhD 

HIV-1 gp120 

? (Melanoma) 

peptide/MHC-l complex 

EGFR 

HMW-MAA 

FAT (CD36) 

SSTR 

DAF (CD55) 

EGP-2 

E-selectin (CD62E) 

HLA-CW0602 
Aminopeptidase N 
(CD13) 

? (B-cells) 

? (Thymic cells) 

? (DCs) 

RhD 

ABO B Ag 

? (Platelets) 

CEA (CD66e) 

E-selectin (CD62E) 

P-selectin (CD62P) 

CCR5(CD195) 

ErbB2 

TFRC(CD71) 

EGFR 

EPCAM 

EGP-2 

EGP-2 

? (Endothelium) 

I. Fab 

S. Fab 

S, scFv 

I, Fab 

I, Fab 

I, Fab 

M(2), Fab 

S.scFv 

N,scFv 

N. scFv 

N.scFv 

M(2), Fab 

M(4), Fab 

I, scFv/ Fab 

I, Fab 

M(2), Fab 

S, scFv 

N,scFv 

N, scFv 

N, scFv 

M(2), scFv 

M(2), scFv 

S, scFv 

I. scFv 

S, scFv 

S ,scFv 

S, scFv 

I. Fab 

I. Fab 

I, Fab 

N,scFv 

N,scFv 

N, scFv 

N.scFv 

M(2)/N, scFv 

N,scFv 

N. scFv 

M(2). scFv 

M(2). scFv 

M(2). scFv 

S, scFv 

(74, 

(77) 

(48) 

(59) 

(46) 

(96) 

(94) 

(92) 

(44) 

(44) 

(44) 

(81) 

(59) 

(17. 67) 

(1) 
(66) 

(52) 

(30, 65) 

(30) 

(71) 

(50) 

(50) 

(43) 

(64) 

(21) 

(55) 

(39) 

(80) 

(19) 

(72) 

(53) 

(53) 

(53) 

(54) 

(8, 69) 

(69) 

(28) 

(90) 

(50) 

(50) 

(35) 

a I. immune library; S, (semi-)synthetic library; N, naive library; M(x), model system (x number of distinct phage clones 
used) 

selection. As a consequence this strategy is not suitable 

for antigens with unknown identity. Furthermore, to our 

knowledge, no follow-up studies have been published 

since 1998, making the applicability of this method 

questionable. 

The second selection strategy of note makes 

use of the property of some cell-surface receptors to 

undergo endocytosis (8, 28, 69). In this selection strategy 

specific phages are internalized by the target antigen-

positive cells and recovered from the cytosol. Although 
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CHAPTER 1 

this facilitates the efficient removal of irrelevant phages, 
e.g. by extensively washing the cells, this strategy is 
limited to antigens that undergo endocytosis under 
physiological conditions. As internalization is often more 
efficient when the target antigens are cross-linked, phage 
display formats that facilitate multivalent display of 
antibody fragments are preferable for this type of selection 
strategy. Antibodies identified with this strategy are ideal 
candidates to be used as targeting molecules for drug 
delivery. In addition, internalizing antibodies themselves 
might have a direct therapeutic effect. For instance, it 
might be possible to use internalization to identify 
desirable biological effects of the antibodies, such as 
apoptosis or growth inhibition. Indeed, a growth inhibitory 
effect of an anti-transferrin scFv identified in the selection 
on cancer cells was observed (69). 

Selections on tissue sections, as an alternative 
for the physiologically relevant presentation of cell surface 
antigens, have been described for model libraries 
(containing 1 specific and 1 non-specific phage clone; (50, 
90), but have yet to be tested for full-size libraries. The 
presence of extracellular matrix components, other 
(antigen-negative) cell types and even exposed intra
cellular antigens in such tissue sections, are likely to 
negatively influence the efficacy of such selection 
procedures, making subtractive selection strategies 
necessary. 

Finally a strategy based on selection of 
antibodies in vivo has been developed (35, 50), In this 
selection strategy, first described for the selection of 
peptide phages (2, 62, 70). a phage mixture is directly 
injected into the circulation of an animal followed by the 
rescue of specific phages by removal of the target tissue 
(e.g. tumor). The efficacy of this strategy, however, seems 
to be limited to endothelial cell-specific markers, due to 
the inability of the phages to cross the endothelial lining of 
the blood vessels (35, 50, 62). Optimalization of the 
variables influencing the selection (e.g. circulation time, 
perfusion In vivo, washing in vitro) or modification of the 
selection strategy (e.g. direct injection into target tissue, 
local activation of the endothelial cells to allow 
extravasation) could increase the applicability of this 
strategy (50). 

HIV-1 envelope glycoproteins 
In this thesis we used the human 

immunodeficiency virus type 1 (HIV-1) envelope 
glycoprotein (Env) complex (see Chapter 2 for details) as 
a model for integral membrane proteins. Previously, Env-
specific human Fab fragments have been isolated from 
antibody display libraries using purified Env subunits, 
gp120 and gp41 (4, 11. 14, 22). One such human Fab 
obtained from a library prepared from the bone marrow of 
a HIV-1 seropositive individual, termed b12, is directed 
against the gp120 CD4-binding site (CD4bs) (3, 14), and 
has been shown to be exceptionally potent in the 
neutralization of HIV-1, both in vitro (15, 91) and in vivo 
(25, 58, 60). This potent neutralizing ability was not 
correlated with affinity to monomeric gp120 as other Fab 
fragments bind to overlapping sites on monomeric gp120 

with similar affinities, but neutralize weakly. However, b12 
was found to bind more efficiently, compared to the other 
less neutralizing Fab fragments, to cell surface expressed 
oligomeric gp120 on HIV-1 infected cells (73). Moreover, 
concentrated virions expressing the oligomeric con
figuration enriched for b12 (59). This suggests that either 
the availability of the b12 epitope on monomeric gp120 is 
limited or that monomeric gp120 has not preserved the 
conformational structures of the b12 epitope present on 
oligomeric gp120. Indeed, studies have shown that the 
oligomeric nature of the HIV-1 envelope protein may 
strongly influence its antigenic structure (23, 61, 76). Thus 
the successful rescue of human Fab fragments with HIV-1 
neutralizing activity depends on the presentation of 
envelope proteins in a physiological relevant conforma
tion. 

Scope of this thesis 
As the interaction between antibody and antigen 

is closely linked, the scope of this thesis was two-fold: 1) 
improvement of the antigen presentation, to better mimic 
the physiologically relevant oligomeric conformation in 
order to isolate new neutralizing antibodies, and 2) 
studying the interplay between the (new) neutralizing 
antibodies and antigens to obtain a better understanding 
of the immunogenic and structural requirements of 
physiologically relevant antigen presentations (and thus 
act as potential HIV-1 vaccine candidates). 
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Introduction 
Ideally, a vaccine against HIV-1 would induce 

neutralizing antibody levels, which would provide 
sterilizing immunity. The very high levels of antibodies 
required however appear to be unachievable by 
vaccination (43, 72, 85, 111). In an effective vaccine, 
neutralizing antibody responses of lesser, but still 
significant potency, nevertheless will likely be required in 
combination with broadly active cellular responses. The 
necessity or benefit of stimulating B cells that produce 
neutralizing antibodies has been clearly established in 
murine infection models with retroviruses and other RNA 
viruses (6, 29-31,87, 91). 

Effective vaccines have been developed against 
a number of viral diseases mostly by using empirical 
methods. The bulk of these vaccines, including those 
against smallpox, measles and polio, consist of live 
attenuated viruses. Live attenuated viruses furthermore 
provide the only vaccine approach that has consistently 
provided protection against lentivirus infection. Serious 
safety concerns which preclude the use of such vaccines 
in humans however exist (4, 39). The immune correlates 
of protection against infection of macaque monkeys by live 
attenuated simian immunodeficiency virus (SIV) have not 
been clearly defined and the role of antibodies and 
cytotoxic T-lymphocytes (CTL) have been questioned 
(116, 117). Protection against SIV pseudotypes with 
human immunodeficiency virus type 1 (HIV-1) envelope by 
vaccination with attenuated SIV argues against a role of 
antibodies (112, 134). A series of elegant experiments in 
which protective immune responses against the Friend 
retroviral complex were dissected however have shown 
that T cells (CD4* and CD8+) and B cells are required to 
act in concert to achieve protection against pathogenic 
challenge in mice vaccinated with an attenuated retrovirus 
(30). Furthermore, whereas CTL were required to protect 
against lethal infection, neutralizing antibody responses 
appeared necessary to prevent persistent infection (31). 

Understanding neutralization of HIV-1 primary 
isolates is important for a knowledge-based approach for 
the development of a vaccine against HIV-1. Here we 
review HIV-1 neutralizing antibodies and their epitopes. 

Structure and function of the envelope glycoprotein 
complex 

The HIV-1 mature envelope glycoprotein 
complex plays a pivotal role in the early events of virus 
attachment and entry into the target cell. Neutralizing 
antibodies found in the sera of infected individuals are 
primarily directed against this complex. The complex is 
arranged in a trimeric configuration of heterodimers, each 
consisting of a gp120 surface subunit non-covalently 
associated with a gp41 transmembrane subunit, i.e. 
(gp120-gp41):<. By comparing the sequence of gp120 
subunits of different HIV-1 isolates, five variable regions 
(V1-V5) and five conserved regions (C1-C5) have been 
identified (68, 115). A crystal structure of gp120 lacking 
the V1, V2 and V3 loops and the C and N termini suggests 
that the gp120 core is structurally organized into two major 
domains, the inner and outer domain, and a mini-domain 

termed the bridging sheet (Fig. 2.1A) (55). The inner 
domain harbors both the N and C termini of gp120, which 
are involved in the interaction with gp41 (135), and is the 
probable site of trimer packing (55). The outer domain 
displays an extensively glycosylated surface and as such 
is effectively concealed from the humoral response. The 
bridging sheet is composed of four antiparallel (3-sheets 
extruding from the distal ends of the inner and outer 
domains. Together with additional contributions from the 
base of the V1A/2 stemloop structure this domain forms 
the conserved co-receptor binding-site. The CD4 binding-
site (CD4bs) is located within a depression at the interface 
of the three domains and is relatively well conserved 
between HIV-1 isolates. Although coordinates for the V1, 
V2, V3 and V4 loops are missing from the structure, either 
because they were deleted from the gp120 core (V1, V2 
and V3) or because of poor resolution (V4), their 
approximate positions can be placed in a model of gp120 
based on experimental data in combination with the 
position of the bases of the loops (Fig. 2.1 B)(87). 

The aminoterminal ectodomain of the gp41 
glycoprotein consists of two u-helical regions that are 
connected by an extended disulfide-stabilized loop region. 
The aminoterminus of gp41 (residues 1-29) contains the 
hydrophobic, glycine rich "fusion peptide" which plays a 
critical role in the fusion of viral and target cell membrane. 
Three-dimensional structural analysis of peptides 
corresponding to portions of the ectodomain of gp41 
reveal a symmetrical trimer in complex (18, 59,118,130). 
In this oligomeric configuration, which probably represents 
the state after triggering of the fusion process (often 
referred to as the "hairpin" state), the aminioterminal a-
helices form a central parallel coiled coil, around which the 
carboxyterminal u-helices are packed in an antiparallel 
arrangement. 

The infection process is initiated by attachment 
of the virus to the target cell via the interaction between 
the gp120 subunit with the cellular receptor CD4. The 
subsequent interactions between gp120 and its co-
receptors are complex and require conformational 
changes induced by binding to CD4 (105, 107, 119). 
Presumably, the V1 and V2 loops partially mask both CD4 
and chemokine binding sites (138), and this masking is 
fully manifested only in mature oligomeric gp120 (Fig. 
2.1 B). Thus, conformational changes triggered by 
multivalent binding of oligomeric gp120 to a cluster of CD4 
molecules displaces the V1, V2 and V3 loops and expose 
the co-receptor binding-site. The flexibility of the CD4 
molecule allows the gp120, with its co-receptor binding-
site exposed, to come near the co-receptor for interaction 
and thus bringing the viral and target cell membranes in 
close proximity. Upon binding to the co-receptor further 
conformational changes result in the destabilization of the 
gp120-gp41 interaction. This triggers gp41 to undergo its 
transition to form a "prehairpin" intermediate (19), which 
includes the insertion of the fusion peptide of gp41 into the 
target cell membrane and the possible dissociation of the 
gp120 subunits. The gp41 than undergoes additional 
conformational changes resulting in the formation of the 
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Figure 2.1: A model for the structure of monomeric and oligomeric gp120. The schematic representation of monomeric 
gp120 is based on the X-ray crystal structure of the HIV-1 gp120 (HxBc2) core in complex with CD4 and mAb 17b (55, 136) 
and reviewed in (87). A) The viewpoint of the model is from the target-cell membrane. Three structural elements are shown: 
the outer domain, the inner domain and the bridging sheet. The CD4bs (red oval) is located at the interface of the three 
domains. The conserved co-receptor binding-site (CRbs: yellow circle) is comprised of the bridging sheet with additional 
contributions from the base of the V2 loop. B) The location of the variable loops can be placed on the gp120 core, based on 
experimental data from mAb mapping and mutagenesis studies in combination with the position of the bases of the loops. 
The V1/V2 stemloop structure partially masks the CRbs and the CD4bs. The inner domain is involved in the interaction with 
gp41 and is the probable site of trimer packing. The outer domain is extensively glycosylated as indicated by the blue dots. 
The 2G12 epitope (purple oval) is located at the bases of the V3 and V4 loops and probably involves carbohydrate 
structures. C) Model of mature oligomeric envelope from a target-cell viewpoint. The main characteristic of this model is that 
oligomeric gp120 can exist in different conformational states of which the two extremes (a closed state and an open state) 
are shown. In the closed state the masking of the CRbs and the CD4bs by the V1/V2 stemloop structure is fully manifested. 
The V3 loop also partially obscures the CRbs and the tip of the V3 loop is relatively inaccessible in this configuration. In the 
open state, the V3 loop is well exposed and the masking of the CD4bs and CRbs by the V1A/2 stemloop structure is less 
evident. Presumably, the oscillation of mature oligomeric gp120 of primary isolates has an equilibrium biased in favor of the 
closed state, whereas mature oligomeric gp120 of TCLA viruses is biased toward the open state. Neutralization correlates 
with antibody binding to oligomeric envelope (86, 102. 106) and can be understood in terms of epitope accessibility. 
Epitopes that involve the CD4bs. V3 loop and CRbs are accessible on TCLA envelope and antibodies against these sites 
neutralize TCLA viruses. These epitopes are relatively inaccessible on primary isolate envelope and primary isolates are 
therefore mostly resistant to neutralization by such antibodies. An immunoglobulin molecule (lgG1) is depicted next to the 
oligomeric envelope complex to demonstrate the relative size of the neutralizing agent and the accessible surface. With an 
accessible surface of approximately 3000 A2 on the neutralizing face of gp120, excluding the variable loops (55), it can be 
hypothesized that there is room for three non-competing antibodies per gp120 molecule (with a binding area of 
approximately 800-900 A2). (For full-color version see page 72) 

"hairpin" structure and the fusion of the viral and target cell 
membranes, which finally results in the introduction of the 
nucleocapsid with the viral genome into the host-cell. 

Mature oligomeric envelope versus viral debris 
The HIV-1 envelope exists in a number of 

antigenically distinct forms. It is synthesized as an 
envelope precursor molecule gp160. which oligomerizes 
and is cleaved into gp120 and gp41 (1,103). The mature 
functional (gp120-gp41)3 oligomer on the virion surface 
tends to dissociate (shed) (94) resulting in the release of 
monomeric gp120 and exposure of gp41 spikes on the 
virion or infected cell surface. Antibodies against HIV-1 

envelope in seropositive individuals may be elicited by any 
of these configurations. The following observations have 
led us to conclude that the majority of the response is 
elicited against the unprocessed gp160 or disassembled 
envelope (i.e. viral debris) rather than the mature oligomer 
(85), 1. Antibodies against HIV envelope retrieved from 
HIV-1-infected individuals in general have a much higher 
affinity for unprocessed envelope than for mature 
oligomeric envelope, to which most display low to 
undetectable binding (85). 2. Neutralization correlates with 
antibody binding to mature oligomeric envelope (41, 86, 
102. 106), and primary isolate (see below) neutralizing 
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antibody titers in sera from HIV-1 seropositive individuals 
are mostly very poor (71, 73, 89). 

T cell line adapted viruses versus primary isolates 
One of the most noticeable influences on HIV-1 

neutralization is that of the origin of the virus producer cell 
(reviewed in refs 76, 95). The adaptation of HIV-1 to 
growth in immortalized CD4+ cell lines selects for HIV-1 
variants that tend to have a strongly basic V3 loop (40), 
preferentially utilize CXCR4 as a co-receptor (reviewed in 
refs 7, 34, 80), and have a high affinity for CD4 (54, 92). 
These T cell line adapted (TCLA) viruses are readily 
neutralized by sCD4 and a large spectrum of different 
monoclonal antibodies (mAbs) (reviewed in ref 76). By 
contrast primary isolates, i.e. viruses obtained by limited 
passage in primary cultures of activated peripheral blood 
mononuclear cells (PBMC), may use CXCR4 (termed X4 
viruses), CCR5 (R5 viruses) or CXCR4 in combination 
with CCR5 (R5X4 viruses) (8). They generally have a 
reduced affinity for sCD4 and neutralizing mAbs, and 
generally display a high degree of resistance to 
neutralization by these ligands (41, 114) and reviewed in 
ref 76) (Fig. 2.2). 

The structural basis for the large difference in 
neutralization sensitivity between TCLA viruses and the 
majority of primary isolates can be understood as follows. 
It seems likely, based on the gp120 structure that the 
CD4bs on the primary isolate gp120 trimer is more 
completely masked by the V1 and V2 loops than that of 
TCLA viruses. The idea that gp120 oscillates between 
'closed' and 'open' states is consistent with the dichotomy 
of primary and TCLA viruses: thus gp120 of primary 
isolates would have the equilibrium biased in favor of a 
'closed' conformation, whereas TCLA gp120 would be 
biased towards 'open' (Fig. 2.1 C). In this way, the virus in 
vivo would sacrifice some efficiency in receptor binding for 
increased resistance to antibody attack, whereas cell line-
passaged virus would dispense with some now 
unnecessary antibody resistance mechanisms and adapt 
for more efficient receptor interactions instead. This notion 
appears to be generally applicable to lentiviruses, in that 
SIV, FIV and EIAV adapt to passage in cell lines in the 
same way as HIV-1 does (5,25,66,70, 74). 

Neutralization sensitivity is an important factor to 

Figure 2.2: A theoretical distr ibut ion of HIV-1 isolates 
based on their neutralization resistance. TCLA isolates 
are highly sensitive to neutralization by antibodies and 
sCD4 in contrast to primary isolates, which are relatively 
neutralization resistant. The degree of neutralization 
resistance can differ significantly between primary isolates 
as indicated by the bell-shaped curve. Some primary 
isolates (e.g.BZ167) (77) are just as sensitive to antibody 
mediated neutralization as TCLA isolates. Others may be 
extraordinarily resistant (e.g. 93US144 and 92US077) (88). 
In the evaluation of neutralization data, it is critical to note 
the neutralization phenotype of the isolate used. 
Neutralization of highly neutralization sensitive isolates by 
an antibody does not predict neutralization of relatively 
resistant isolates more representative of isolates 
encountered in human infection, and may therefore have 
little value for the evaluation of candidate vaccines. 

take into account when evaluating HIV-1 neutralization 
studies. TCLA viruses are highly neutralization sensitive 
(Fig. 2.2) and it is well recognized that this has misled the 
HIV-1 vaccine field for many years (22). These viruses 
nevertheless can be valuable as they can be used to 
eliminate a concept (14). Inactivation of HIV-1 by an 
antibody in a neutralization assay or an in vivo challenge 
experiment would be encouraging, but would not predict 
activity against a primary isolate. It is important to note 
than neutralization sensitivities may also differ significantly 
between primary isolates, as indicated by the bell-shaped 
curve in Fig. 2.2. Some primary isolates are almost as 
sensitive as TCLA strains (e.g. BZ167)(77), whereas 
others may be exceptionally neutralization resistant (e.g. 
92US077)(88). Arguably, the efficacy of HIV-1 
neutralization should be assessed with primary isolates of 
intermediate neutralization sensitivity and not with one of 
the outliers. 

The neutralizing antibody response to the HIV-1 
envelope complex 

With the recent elucidation of the X-ray crystal 
structure of gp120 (55), together with earlier mutagenic 
and antibody competition studies (32, 79), an antigenic 
surface map could be constructed, on which the spatial 
positioning of the neutralizing and non-neutralizing 
epitopes are revealed (136). Neutralizing epitopes on 
gp120 map to the surface of the envelope complex that is 
exposed in the oligomeric configuration and faces the 
target cell. For TCLA HIV-1 isolates strains the 
neutralizing epitopes include the CD4 and the co-receptor 
binding-sites, the V2 and V3 loops and the unique 2G12 
epitope (Table 2.1; see below for details). Far fewer 
epitopes are accessible on the mature envelope of 
primary isolates and neutralization of a range of isolates 
has only been observed with mAb b12 which recognizes 
the CD4bs and residues of the V2 loop (15, 67, 102) and 
mAb 2G12 which recognizes an epitope at the bases of 
V3 and V4 loops. 

An antigenic surface map has also been 
proposed for gp41 albeit less complete than for gp120 (11, 
36). These studies identified at least three conformational 
dependent epitope clusters present on native gp41. 
termed cluster l-lll. Antibodies to epitope clusters I and II 
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Table 2.1: Neutralizing epitopes exposed on HIV-1 mature oligomeric envelope 
Epitope recognized Antibodies Neutralization of 

gp120 
V3 

CD4bs 
CD4bs/V2 

CD4i 

V2 

loop2, 19b 

F105.21H. 
b12 

17b, 48d 

C108G 
L15. 697D 

447/52D 

15e 

TCLA strains 

Yes 

Yes 
Yes 

Yes 

Yes 
No 

Primary isolates 

No 

No 
Yes 

No' 
No2 

bases of V3 and V4 loops 2G12 Yes 

gp41 
ELDKWA (residues 662-667) 2F5 Yes Yes 

Strain specific neutralization 
^Some weakly 

are readily detectable in sera from HIV-1 infected 
individuals, but most studies show that none of the three 
clusters neutralize TCLA strains or primary isolates at 
biologically relevant concentration (11, 108). Presumably 
these epitopes are masked by the gp120 molecules in the 
mature oligomeric envelope complex and thus 
inaccessible for antibody binding. The only epitope that is 
exposed on gp41 in the mature oligomeric conformation is 
defined by mAb 2F5 and is located in the membrane 
proximal part of the ectodomain of gp41 (Table 2.1; see 
below for detail)(81, 82, 108). Studies from one lab have 
suggested a neutralizing epitope within the cytoplasmic 
domain of gp41 (21, 26, 38), however this has not been 
confirmed by others (33, 35). 

Neutralizing Epitopes 
V3 

The third variable (V3) loop of gp120 was 
originally termed the principal neutralizing domain (PND), 
due to its dominant role in the neutralization of TCLA 
strains by sera from HIV-1 infected individuals and gp120 
vaccine recipients. In contrast to the dominant role V3 
loop specific mAbs play in TCLA strain neutralization, their 
role in primary isolate neutralization is insignificant (113, 
126). This inability of V3 loop specific mAbs to neutralize 
primary isolates is thought to result from the relative 
inaccessibility of the V3 loop in the native oligomeric 
envelope complex of primary isolates as compared to that 
of TCLA strains (12). Furthermore, because of the hyper-
variability of the V3 loop, the mAbs to this epitope display 
a highly strain-specific neutralizing activity. 

Binding studies with monomeric gp120-CD4 
complexes have demonstrated that mAbs to the V3 loop 
inhibit the interaction of this complex with the co-receptor 
(48, 122, 133). Although this would suggest neutralization 
at a post-attachment stage on intact virions, anti V3 loop 
antibodies neutralize TCLA viruses by inhibiting HIV-1 
attachment to the target cell (124,125). 

CD4bd 
The majority of antibodies to gp120 recognizes 

discontinuous or conformationally sensitive epitopes, of 
which the CD4 binding domain CD4bd is the most 
prevalent (75). This epitope is defined by mAbs that 
competitively inhibit sCD4 binding to monomeric gp120. 
As with the anti V3 loop antibodies, early neutralization 
experiments were biased by the use of neutralization 
sensitive TCLA strains. It has become evident that the 
majority of CD4bd antibodies that could neutralize TCLA 
strains were unable to neutralize primary isolates, with the 
exception of mAb b12. MAb b12 recognizes a 
conformation dependent epitope that overlaps the CD4bs 
with some involvement of the V2 loop (67, 102). Uniquely 
among the CD4bd specific mAbs, b12 binds equivalent^ 
or better to the oligomeric form of the envelope 
glycoprotein (41,102). 

CD4i 
A highly conserved but poorly immunogenic 

epitope is defined by mAbs that bind better to gp120 upon 
complexation with CD4. These antibodies, like 17b and 
48d (119,137), were shown to inhibit the interaction of the 
gp120-CD4 complex with CCR5 (122, 133), suggesting 
that the epitope was located in or near the co-receptor 
binding site. Mutational studies later confirmed that 
residues within the CD4i epitopes were crucial for co-
receptor binding (101). These residues are located 
primarily in the bridging sheet and may involve some 
residues in the V3 loop. Next to the obvious blocking of 
co-receptor binding, antibodies to CD4i epitopes have 
been shown to induce gp120 dissociation from gp41 (94). 
Like the V3 loop, the CD4i epitope is a neutralizing 
epitope only on TCLA strains of HIV-1. Neutralization of 
primary isolates by mAbs against the CD4i epitope has 
not been observed. 

V2 
MAbs to the V1A/2 stemloop structure generally 

recognize conformational epitopes which are located in 
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the central region of the V2 loop (47, 64. 78) and have 
been shown to neutralize TCLA strains relatively well 
(129). So far mAbs to the V1 part of the stemloop 
structure have not been identified. Two mAbs directed 
against the V2 loop have been reported to be able to 
neutralize primary isolates (47,127), although the range of 
isolates that can be neutralized is very limited (90). The 
sequence variability, as with the V3 loop, and additionally 
a substantial length polymorphism make this epitope very 
strain specific (128). 

2G12 
Antibody competition studies identified a unique 

competition group that included a single antibody, 2G12 
(123). Based on results from studies involving glycosidase 
treatment of gp120 and mutagenic alteration of N-linked 
carbohydrate sites, the epitope of this antibody is located 
at the base of the V3 and V4 loops and probably involves 
carbohydrate structures in the C2, C3, C4 and V4 domain 
(123). The inclusion of carbohydrate structures in the 
epitope might explain the rarity of this mAb. The 2G12 
epitope is predicted to be oriented towards the target cell 
upon CD4 binding. This would allow the antibody to 
sterically impair further interactions of the membrane 
complex with the target cell. 

2F5 
The only gp41 specific mAb that displays 

neutralizing activity is 2F5 (13, 23, 81, 82). This antibody 
recognizes an epitope that has been mapped to the linear 
sequence ELDKWA, which is located in the membrane 
proximal part of the ectodomain (residues 662-667) (82) 
and is the only epitope on gp41 that is exposed on the 
native oligomeric conformation of the membrane complex 
(81, 82,108). 2F5 does not interfere with virus attachment 
to the target cell, but neutralizes at a later stage (124). 

Neutralization mechanisms 
The principal mechanism of antibody-mediated 

neutralization for HIV-1 is the inhibition of attachment of 
the virus to the target cell (124). This was found to be 
independent of the epitope cluster recognized by the 
neutralizing mAb (86,124). 

Several mechanisms to inhibit attachment can 
be envisioned and have been proposed (28). Aggregation 
has been shown to be effective in neutralizing poliovirus or 
human rhinovirus (reviewed in (28)), however the 
observations that monovalent ligands neutralize as well as 
bivalent ones argues against a role of this mechanism in 
HIV-1 neutralization (86). Furthermore, the bell-shaped 
curve associated with this mechanism has not been 
described for HIV-1 (65) and aggregates could not be 
recovered in neutralizing antibody treated HIV-1 
preparations (62). The absence of neutralization of 
amphotropic murine leukemia virus (AMLV) envelope-
mediated infection of AMLV/HIV-1 envelope pseudotyped 
virions by a neutralizing antibody against HIV-1 finally 
suggests that virion aggregation is not a neutralization 
mechanism for HIV-1 (109). 

With one observed exception all effective 
neutralizing mAbs block virus attachment to the target cell 
either by inhibiting the interaction with CD4 or the co-
receptor (122,124,133). The absence of an epitope bias 
suggests that any antibody capable of binding to the 
limited surface of gp120 that is exposed in the mature 
oligomer (Fig. 2.1 C) can effectively block interaction with 
the receptor binding sites (86). For attachment of virus to 
the target cell to occur, presumably multiple contacts in a 
localized area must be established. Coating of the viral 
surface with antibodies obstructs the close approach of 
the virus to the target cell, thereby preventing attachment 
and initiation of a fusion event (86). Such a mechanism is 
in good agreement with the results from an elegant study 
on stoichiometry of mAb mediated neutralization, in which 
neutralization could be explained with a model of 
incremental mAb neutralization (109). Although the 
studies above were performed with TCLA strains of HIV-1 
rather than primary isolates for practical reasons, there is 
no indication that the general conclusions from these 
studies do not apply to primary isolates. To explain the 
relative neutralization resistance of primary isolates 
compared to TCLA strains, a theoretical model has been 
proposed (53). It predicts that neutralization is the result of 
the reduction of the number of functional envelope 
molecules below a critical threshold. Neutralization 
resistance of primary isolates is explained by affinity of 
antibodies to primary isolate envelope and a higher 
number of envelope spikes per primary isolate virion (53). 
Envelope density as a modifier of neutralization however 
is not consistent with an incremental model (109). It has 
been demonstrated furthermore that neither increased 
spike density nor spike stability could account for the 
neutralization resistance of primary isolates (51). The 
mechanism of primary isolate neutralization and 
neutralization resistance therefore require further study. 
Convincing data however support an incremental 
mechanism in which coating of virions with antibody 
prevents attachment to the target cell and neutralization 
potency is determined by antibody affinity for the mature 
envelope oligomer. 

The one exception on the principal neutralization 
mechanism is constituted by the gp41 specific mAb 2F5, 
which does not interfere with virus attachment to the target 
cell, but neutralizes at a later stage (124). The exact 
mechanism by which this epitope neutralizes the virus is 
unclear, but the epitope is located near a conserved 
tryptophan-rich region that has been implemented in env-
mediated fusion (104). Mutations in the epitope had only a 
limited effect on cell-cell fusion, which makes it unlikely 
that this epitope is directly involved in the fusion process 
(104). A hypothetical mechanism for neutralization could 
be that 2F5 interferes at some stage with the completion 
of the transition of the non-fusogenic state to the post-
fusion state (10,19). 

Relevance of in vitro neutralization data 
The neutralizing activity of a mAb is measured in 

vitro in the absence of complement and antibody-
dependent cytotoxicity. This would suggest an 
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underestimation of the neutralizing efficacy of a mAb in 
vivo. However with the emergence of more data on the 
inactivation of the virus in animal models, it has become 
clear that there is generally a good correlation between 
the in vitro and in vivo results (43, 44, 60, 84. 111). The 
studies show that when a mAb is capable of neutralizing 
the challenge virus in vitro, sterilizing immunity can be 
obtained at concentrations in the order of 1-2 logs greater 
than those needed for 90% neutralization in vitro (85). 
To achieve protection, serum neutralizing antibody levels 
that are sufficient to inactivate virtually all the virus in an in 
vitro assay need to be achieved. Failure to obtain 
adequate antibody titers leads to establishment of 
infection and cell-to-cell virus transmission, which requires 
considerable higher antibody concentrations than those 
needed to block cell-free virus (83). Once HIV-1 infection 
is established, even high levels of neutralizing antibody 
have no or only very limited effects on an ongoing 
infection (96). This is not to say that pre-existing 
neutralizing antibody concentrations below the levels that 
would provide sterilizing immunity are useless upon virus 
challenge. Studies on murine retroviruses and other RNA 
viruses have indicated that a reduction of the viral 
inoculum by neutralizing antibodies may provide a benefit 
by giving time to the cellular immune response to develop 
(6, 29-31, 87, 91). A reduction of pathogenicity has 
furthermore been observed in passive neutralizing 
antibody transfer studies in macaques and chimpanzees 
(24, 60). 

Additional effects of polyclonality 
The HIV-1 neutralizing activity found in the 

polyclonal antisera from infected individuals is the 
combined result of the neutralizing abilities of the distinct 
Abs. A handful of studies have looked at the combined 
effects of mAbs with different specificities on the 
neutralization of TCLA strains (52. 56, 63, 97, 120, 127) 
and primary isolates (61) in vitro. These studies 
demonstrate a neutralizing effect that is greater than the 
sum of separate neutralizing abilities of the tested Abs, or 
synergy. However, the observed synergy is generally 
weak and could only be shown with mathematical models. 
The biological relevance of this mechanism is unknown, 
as it is hard to interpret the situation in vivo. One passive 
antibody transfer study which assessed the combination of 
two neutralizing mAbs (2F5 and 2G12) together with 
HIVIG in a model with S H I V W D in pigtail macaques, 
demonstrated a general correlation between the 
synergistic effects on neutralization observed in vitro and 
the protection in vivo (60,61). 

In severe combined immunodeficient mice re
constituted with human peripheral blood lymphocyte (hu-
PBL-SCID mice) a cocktail of 2F5, 2G12 and b12 reduced 
the viral RNA titer during established infection, whereas 
b12 alone had no detectable effect (96). This synergy 
however can be explained by the necessity of individual 
viruses to acquire multiple amino acid mutations for 
neutralization escape rather than by binding cooperativity 
effects. 

The primary isolate neutralizing antibodies 
identified so far are directed to epitopes, which are 
present on the resting oligomeric envelope. It may be 
envisioned that epitopes which are exposed on the 
activated (after CD4 binding) or fusogenic state of the 
membrane complex (after complexation with the co-
receptor) are interesting targets for antibody 
neutralization. The main epitope that becomes exposed 
after interaction with CD4 is the CD4i epitope overlapping 
the co-receptor binding-site. MAbs to this epitope isolated 
to date do not display primary isolate neutralizing activity 
at relevant concentrations. It can however not be excluded 
that more potent antibodies do exist. 

The fusiogenic state of gp41 has previously 
been identified as a target for neutralization by studies 
using peptides that mimic the carboxyterminal helices of 
gp41 (50, 132). The peptides were able to inhibit the 
fusion process quite efficiently (at nanomolar 
concentrations). It is possible that the dimensions of a full 
immunoglobulin molecule are a limiting factor in the 
accessibility of these neutralization sensitive sites. 
However, a recent study in which fusing cells were fixed 
using formalin, suggests the presence of yet unidentified 
neutralizing epitopes on the fusogenic state of the 
membrane complex (57). This observation suggests that 
the rarity of these types of antibodies may not be due to a 
physical constraint rather than a temporal one. However, 
to date no proof has been provided that the mouse sera 
recognize epitopes on the viral proteins and not cellular 
antigens (69). 

Non-envelope mediated neutralization 
Several examples of neutralization in vitro have 

been described, which are mediated by antibodies that are 
not directed to the envelope complex. The majority of non-
envelope neutralizing antibodies is directed at cellular 
membrane proteins. During the budding process HIV-1 
acquires a variety of cellular proteins on its membrane (2, 
121), although the diversity of the proteins present on the 
membrane is probably a overestimation due to 
contamination of the virion preparations with 
microparticles (9, 27, 45, 98). Antibodies to several of 
these host cell derived proteins have been shown to 
neutralize in vitro. Most notable are the antibodies to the 
receptor-ligand pair ICAM-1 (intercellular adhesion 
molecule-1; CD54) and LFA-1 (leukocyte function-
associated molecule-1; CD11a/CD18) (46, 100). Also 
antibodies to HLA-DR. p2-microglobuline and HLA class I 
have been shown to neutralize in vitro (2). As inhibition of 
attachment is the major mechanism of neutralization (124) 
it may be that antibodies to these proteins present on the 
virion membrane interfere with binding of the envelope 
complex to the receptors on the target cell. Alternatively, 
the incorporation of MHC class II enhanced virus entry 
into the target cell (17). By blocking this interaction the 
infection process is less effective, which may contribute to 
the neutralizing activity observed. 

Protection against infection with SIV grown in 
human cells has been consistently observed in monkeys 
after active or passive immunization against host cell 
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components (3, 117). The importance of antibody 
mediated neutralization via these self-antigens in humans 
is unclear. It is suggestive that the extent of HLA 
mismatch between mother and child and relative rarity of 
curtain HLA haplotypes in commercial sex workers have 
been shown to correlate with the risk for seroconversion. 
However, antibodies against HLA class I allotypes do not 
appear to contribute to resistance against HIV-1 infection 
in exposed uninfected sex workers (reviewed in (93). 

Host-derived cyclophilin A is specifically 
incorporated into HIV-1 virions through interactions with 
the gag protein and is required for infection. It has been 
suggested that cyclophilin A may play a role in virus-cell 
fusion and that antibodies against cyclophilin A may inhibit 
HIV-1 infection (110). Additional studies however are 
necessary to explain how cyclophilin A, which is localized 
inside the virion, may become accessible to neutralizing 
antibodies. It has been suggested that anti-cyclophilin A 
antibodies could play a role in a vaccine against HIV-1 
(110). As cyclophilin A is a self protein, however, it is very 
unlikely that effective and safe responses could be 
elicited. 

During natural infection the viral regulatory 
protein Tat is released from productively infected cells (20, 
37,131) where in turn it may transactivate virus replication 
in the neighboring cells (37. 42). Extracellular Tat also 
induces co-receptor expression and thereby facilitating 
HIV-1 transmission (49, 58). Antibodies against Tat were 
shown to inhibit HIV-1 nm replication in vitro and correlate 
with non-progression in vivo (99, 139). These results 
indicate a possible role for anti-Tat antibodies in 
controlling HIV-1 infection. In a study in cynomolgus 
monkeys vaccinated with a Tat vaccine however control of 
pathogenic SHIV89 6P infection did not correlate with Tat-
neutralizing antibody levels (16). 

Conclusions 
HIV-1 sensitivity to neutralization is determined 

to some extend by the cell in which the virus was grown, 
less so by the target cell and co-receptor used. Increased 
accessibility of epitopes on the mature oligomeric 
envelope of TCLA viruses probably determines their 
relative sensitivity to neutralization as compared to 
primary isolates (summarized in Fig. 2.1). The principal 
mechanism of neutralization of HIV-1 most likely is an 
incremental mechanism in which coating of virions with 
antibody prevents attachment to the target cell and 
neutralization potency is determined by antibody affinity 
for the mature envelope oligomer. 
A number of common neutralizing epitopes have been 
identified on TCLA HIV-1 gp120. Most of these epitopes, 
however, including relatively immunogenic epitopes 
overlapping the CD4bs and V3 loop have shown to be 
mostly irrelevant for the neutralization of HIV-1 primary 
isolates. Only two epitopes on gp120 appear to be 
accessible on primary isolate envelope and conserved on 
a broad spectrum of isolates: an epitope which involves 
residues of the CD4bs and the V2 loop recognized by 
mAb b12 and an epitope at the bases of V3 and V4 loops 
recognized by mAb 2G12. Both these epitopes are poorly 

immunogenic and antibodies with b12 and 2G12 
specificity are rarely elicited in the humoral response after 
HIV-1 infection. A single neutralizing epitope has been 
defined on HIV-1 gp41. This epitope recognized by mAb 
2F5 is relatively conserved, poorly immunogenic and is 
accessible on TCLA as well as primary isolate oligomeric 
envelope, 

Neutralization of HIV-1 in vitro is a good measure of the 
antiviral activity of a given antibody preparation. There is a 
good correlation between neutralization in vitro and 
protection: antibody concentrations that neutralize all the 
challenge virus in an in vitro assay can provide sterilizing 
immunity in vivo. Pre-existing neutralizing antibody 
concentrations at insufficient levels to provide sterilizing 
immunity may decrease pathogenicity by reducing the 
viral inoculum and clearing infected cells, thereby allowing 
more time for the cellular immune response to mature. 
Once HIV-1 infection is established, however, even high 
levels of neutralizing antibody have no or only limited 
effects on an ongoing infection. 

There are many indications that a vaccine that would 
effectively elicit high affinity antibodies against conserved 
epitopes accessible on mature oligomeric envelope of 
HIV-1 primary isolates would have a major impact on HIV-
1 transmission. Poorly immunogenic epitopes defined by 
mAb b12, 2G12 and 2F5, represent the relevant vaccine 
targets on the HIV-1 envelope structure identified to date. 
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CHAPTER 3 

Traditionally, the selection of phage-display libraries is performed on purified antigens (Ags), immobilized to a 
solid substrate. However, this approach may not be applicable for some Ags, such as membrane proteins, which 
for structural integrity strongly rely on their native environment. Here we describe an approach for the selection 
of phage-libraries against membrane proteins. The envelope glycoproteins (Env) of the Human Immuno
deficiency Virus type-1 (HIV-1) were used as a model for a type-1 integral membrane protein. HIV-1im Env, 
expressed on the surface of Rabbit Kidney cells (RK13) with a recombinant vaccinia virus (rW), was solubilized 
using the non-ionic detergent n-Octyl p-D-glucopyranoside (OG). Membrane associated Env was reconstituted 
into vesicles by the simultaneous removal of detergent and free monomeric Env subunits by gel-filtration. The 
resulting antigen preparation, termed 0G-P1IHI, was captured on microtiter plates coated with Galanthus nivalis 
agglutinin (GNA) and used for rounds of selection (panning) of a well-characterized phage-display library derived 
from an HIV-1 seropositive donor. Simultaneously an identical experiment was performed with OG-P1IHI vesicles 
disrupted by Nonidet P-40 (NP-P1IHI). Both membrane-associated and soluble Ags selected for vaccinia-specific 
clones (OG-P1IHI: 59/75 and NP-P1im: 1/75), and HIV-1-specifc clones (OG-P1iw: 11/75 and NP-Plwi! 65/75) using 
our approach. Hence, the novel panning strategy described here may be applicable for selection of phage-
libraries against membrane proteins. 

Introduction 
The display of antibody fragments on the 

surface of filamentous phages and the subsequent 
selection of antibodies (Abs) have proven an effective tool 
for the isolation of Abs to defined Ags (7, 25. 51). Most 
traditional selection strategies depend on purified antigens 
immobilized to a solid-phase matrix. However, some 
antigens may not be available in purified form, either 
because their identity is unknown or because the 
purification procedure influences the conformation, which 
in turn may affect the selected antibody repertoire. For 
example, integral membrane proteins are often dependent 
on their native environment for their physiological 
conformation, which makes them difficult to purify. As a 
result, alternative selection strategies based on whole 
cells (10,12, 22, 32, 34, 46), tissue sections (49) or even 
selection in vivo (27) have been developed. Due to the 
great abundance of irrelevant antigenic moieties on cell-
surfaces, the preferential selection of specific Abs with 
these methods provides a major challenge, in particular 
when the target Ag is expressed at a low level. 

The human immunodeficiency virus type 1 (HIV-
1) envelope protein complex (Env) is synthesized as a 
precursor glycoprotein gp160. which oligomerizes in the 
ER (14, 29). In a Golgi or post-Golgi compartment. gp160 
is cleaved by a cellular furin-type protease into the gp120 
and gp41 subunits, which stay non-covalently associated 
(2, 19. 41). The resulting mature functional Env. i.e. 
(gp120-gp41)3, is then expressed on the surface of virions 
and infected cells. As intact virions are difficult to work 
with (36) and expression of functional Env by infected 
cells only occurs at low levels, we applied a novel panning 
strategy to select phage-expressed antibodies against 
Env. 

To solubilize membrane proteins while retaining 
their physiological conformation, mild non-ionic detergents 
are often used. One such detergent, n-Octyl p-D-
glucopyranoside (OG), has been used in the solubilization 
and reconstitution of viral envelope proteins of Semliki 
Forest virus (SFV) (23). vesicular stomatitis virus (VSV) 
(15. 38). influenza virus (26, 48) and Sendai virus (1, 20, 
45). The characteristic property of OG is that it has a high 

critical micellar concentration (cmc) making removal of the 
detergent very easy. 

In this study, we describe a strategy for the 
solubilization of membrane proteins with OG and 
reconstitution by gel-filtration. HIV-1 Env was used here 
as a model system for a type-1 integral membrane protein. 
The obtained Ag preparations were assessed for their 
ability to select HIV-1 Env specific clones from a well-
characterized phage display library obtained from the 
bone marrow of an HIV-1 seropositive donor. We here 
show that our approach results in the isolation of novel 
Abs against Env. 

Materials & Methods 

Antibodies and purified proteins. The following antibodies (Abs) were 
used in this study: rabbit antisera against gp160/gp120 of HIV-1 v,*io, 
produced in CHO cells (CLB-W61D, produced in our laboratory), mouse 
ID-120-17 monoclonal (m)Ab, directed to a conformational epitope in the 
C1 domain of HIV-1 gp120 (unpublished data), horseradish peroxidase 
(HRP)-labeled mouse anti-M13 mAb (Amersham Pharmacia Biotech, 
Upsalla, Sweden), human lgG1b12 and phage b12, directed to an 
epitope overlapping the CD4 binding site of gp120, were kind gifts from 
Dr. P. Parren (The Scripps Research Institute, La Jolla, CA), rabbit anti-
vaccinia virus (W) polyclonal (p)Ab (Biotrend. Köln, Germany) and HRP-
labeled goat-anti rabbit IgG (Pierce. Rockford, IL). Biotinylation of 
lgG1b12 was done by incubation with Sulfosuccimmidyl-6-(biotinamido) 
Hexanoate (Sulfo-NHS-LC-biotin; Pierce) according to manufacturer's 
instructions The following purified proteins were obtained through the 
NIH AIDS research and reference reagent program (NARRRP): HIV-1 
gp120«N and gp120>;>a. (contributed by Immunodiagnostics. Wobum, 
MA), soluble (s)CD4 (contributed by Dr. R. Sweet), d inhibitor was 
obtained from the CLB (Amsterdam, The Netherlands). 

Viruses and Cell lines. RK13 and HeLa cells were cultured in Iscove's 
modified Dulbecco's medium (IMDM; Biowhittaker, Verviers, Belgium) 
supplemented with 10% (v/v) fetal calf serum (FCS: Biowhittaker). 
penicillin (100 U/ml) and streptomycin (100 ug/ml) at 37°C in 5% CO2. A 
recombinant vaccinia virus (rW) expressing the HIV-1 m env gene 
(rVViw), derived from the ACH172.B-al virus isolate (16), was 
constructed as described (Chapter 4) 

Antigen preparations. Confluent RK13 or HeLa cell monolayers, grown 
in 75 cm2 flasks, were infected with 5 M.O.I. rVVm.. After virus adsorption 
in 5 ml of culture medium for 1 hour at 37°C, fresh culture medium was 
added and the cells were further incubated at 37°C. After 48-72 hours of 
infection the cells were harvested and washed with phosphate buffered 
saline (PBS) at pH 7.4. Subsequently, the cells were incubated for 30 
minutes on ice in 0.5% (w/v) n-octyl |i-D-glucopyranoside (OG: Sigma, 
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St. Louis. MO)/150 mM NaCI/200 uM PMSF/80 MM Pepstatm in PBS 
(lysis buffer). After removal of cell-debris (10 min, 2050 x g, 4°C). the 
lysate was applied on an ACA ultrogel-34 gel-filtration column (Biosepra. 
Cergy-Saint-Chnstophe, France). The column was equilibrated in lysis 
buffer except for an OG concentration of 0.05% (w/v). Fractions were 
collected and assessed for Env content by means of GNA-capture ELISA 
(see below). The presence of vesicles was measured by light scattering 
(turbidity) A800nm Two Env containing peaks could be observed 
(Fig.lA). The fractions comprising each peak were pooled and referred 
to as, OG-PV: and OG-P2iw. 

Westernblot analysis. The fractions of interest were diluted in sample 
buffer containing SDS and DTT and heated to 95°C for 5 minutes. 
Samples were analyzed by SDS-PAGE (4-12%, Novex. San Diego, CA) 
under reducing conditions. Subsequently, proteins were transferred to 
nitrocellulose membranes and blocked according to the manufacturer's 
instructions. For the detection of HIV-1 Env, polyclonal rabbit serum 
CLB-W61D was used. The bound antibodies were detected with HRP-
labeled goat-anti rabbit IgG in combination with ECL plus Western 
blotting detection system (Amersham Pharmacia Biotech). 

Flow cytometry. All reagents were centrifuged (45 min, 38,000 x g, 4°C) 
before use to remove aggregates. Vesicles were diluted 1:5 in ice-cold 
10 mM HEPES/150 mM NaCI/5 mM KCI/2 mM CaCWmM MgCW0.1% 
(w/v) BSA/0.02% (w/v) NaN3 at pH 7 2 (FACS buffer) and incubated with 
1 ug/ml of biotinylated mAb lgG1b12 for 30 mm at 37°C. For sCD4 
inhibition the vesicles were first pretreated for 15 minutes with 50 or 5 
Mg'ml of sCD4 before addition of lgG1b12. The vesicles were washed 
once, by dilution 1:15 in FACS buffer followed by centnfugation (45 mm 
38.000 x g, RT). Next, the vesicles were simultaneously incubated with 
fluorescein-isothiocyanate-labeled Annexin V (AnxV-FITC; Bender 
MedSystems, Vienna. Austna) diluted 1:10 in FACS buffer and 
phycoerythnn-labeled Streptavidin (Strep-PE; Becton Dickinson, San 
Jose, CA) diluted 1:25 in FACS buffer. The vesicles were then analyzed 
with a FACSCalibur flow cytometer with CellQuest software (Becton 
Dickinson). A total of 30,000 events were measured per sample. 

Panning of the antibody phage-display library. A Fab display library, 
constructed on the surface of filamentous phage derived from the bone 
marrow of an HIV-1 seropositive donor as described previously (8. 39). 
was kindly provided by Dr. D. Burton (The Scripps Research Institute. La 
Jolla. CA). For each round of panning, the wells of Falcon MicroTest III 
96-well plates (Becton Dickinson Labware, Franklin Lakes, NJ) were 
coated overnight at RT with 25 ul of Galanthus nivalis agglutinin (GNA; 
Boehringer Mannheim; 20 ug/ml). Plates were blocked with PBS 
containing 4% (w/v) not-fat dry milk (NFDM: Campina, Eindhoven. The 
Netherlands) and 0.5% (w/v) gelatine (Merck, Darmstad. Germany) for 1 
hr at RT and washed with PBS. OG-P1M was added to the plates, 
diluted 1:5 in 0.4% non-fat dry milk/0.05% (w/v) gelatine in PBS 
supplemented with either 0.05% OG (column concentration) or 0.5% 
Nonidet P-40 (NP-P1M) and incubated for 1 hrat 37°C. Per round 100 ul 
of phage suspension was incubated with antigen for 2 hrs at 37°C. 
Unbound phages were removed by washing 10 times with PBS/0.02% 
Tween-20 over a 1 hr period. The bound phages were eluted with 100 ul 
of 0.1 M glycine buffer (pH 2.2), and neutralized with 6 ul of 2 M Tris 
base. The eluted phages were used to infect 2 ml of freshly grown £ coli 
XL-1 Blue (Stratagene. La Jolla. CA) during an incubation of 45 minutes 
at 37CC under non-shaking conditions. Next, 8 ml of Super broth (SB; 3% 
(w/v) peptone-140/2% (w/v) yeast extract/1% (w/v) 3-(N-
Morpholino)propanesulfonic acid (MOPS: Sigma), pH 7.0) were added, 
supplemented with carbenicillin (20 ug/ml) and tetracycline (10 ug/ml). 
Serial dilutions (103.104 and 105) were plated to determine Ihe number 
of phages that were eluted. The infected E.coli cells were pelleted by 
centrifugation (10 min, 2500 x g), resuspended in 1 ml SB and plated on 
four large (150 mm') plates (100 ug/ml carbenicillin, 1% (w/v) Glucose) 
for overnight re-amplification at 30°C. The next day, the cells were 
scraped off the plate. To rescue the phages, the resuspended cells were 
diluted to an OD«o of 0.3 in 5 ml SB/10 ug/ml tetracycline/50 ug/ml 
carbenicillin, and incubated for 1 hour at 37°C. They were then diluted 
1:10 in 10 ml of SB/10 ug'ml tetracycline/50 ug/ml carbenicillin and 100 
ul of helper phage VCS-M13 (10'2 plaque forming units) were added. 
The culture was incubated for 1.5 hrs at 37°C (45 min non-shaking, 45 
min shaking). The volume was then increased to 40 ml and kanamycm 
(70 ug/ml) was added After overnight growth at 30°C the cells were 

pelleted and the supernatant, containing the phages, was collected The 
phages were then precipitated by incubation for 30 minutes on ice with 
4% (w/v) PEG 8000 and 3% (w/v) NaCI. The precipitated phages were 
pelleted (30 min. 14.000 x g, 4°C) and the supernatant discarded. The 
pellet was resuspended in 1 ml of PBS/1% (w/v) BSA and centrifuged (5 
min, 14.000 x g). The supernatant was used for the next round of 
panning. After four rounds of panning individual colonies were grown and 
phages were prepared as discussed above for screening in GNA-capture 
ELISA (see below) 

ELISA. GNA-capture ELISA.: Falcon MicroTest III 96-well plates were 
coated with GNA and blocked as described above After washing, OG-
P1IHI (1:5), NP-P1IH: (1:5) or gp120UN (1 ug/ml) diluted in 0.4% (w/v) 
NFDM/0.05% (w/v) gelatin in PBS were added to the plates for 1 hr at 
RT. Next, the plates were incubated with phage-containing bacterial 
supernatant or precipitated phages for 1.5 hrs at RT. For competition 
experiments 100 ug/ml sCD4 was added during phage incubation 
Bound phages were detected with HRP-labeled mouse anti-M13 IgG and 
letra-methyl-benzidine (TMB) substrate (Merck, Darmstadt. Germany). 
The color development reaction was stopped by addition of an equal 
volume of 0.2M H;SO.i and absorbance was measured at 450nm. 
Ag-capture ELISA: Falcon MicroTest III 96-well plates were coated with 
mAb ID-gp120-17 (5 ug/ml) or pAb anti-VV (5 ug/ml) in PBS and 
blocked with 4% (w/v) NFDM/ 0.5% gelatin in PBS. Antigen capturing, 
phage incubation and detection were performed as descnbed above. 
Direct Ag coating: Falcon MicroTest III 96-well plates were coated 
directly with 2 ug/ml of Ag in PBS overnight at RT. Blocking, phage 
incubation and detection were performed as described above. 

DNA analysis Nucleic acid sequencing was earned out using an ABI 
Prism 377 automated DNA sequencer (Perkin-Elmer. Norwalk. CT) with 
a Big Dye Terminator cycle sequencing kit (Applied Biosystems. Foster 
city, CA). The pnmer that was used for sequencing from the 3' end was 
SeqGz (5'-GAA GTA GTC CTT GAC CAG-3'). which hybridizes to the 
constant domains of the y1 heavy chain. Primer T3 (5'-ATT AAC CCT 
CAC TAA AG-3') was used for sequencing from the 5' end of the heavy 
chain. All pnmers were made by Gibco-BRL. MacVector software 
(Genetics computer group, San Diego, CA) was used to compare the 
heavy chain CDR3 ammo-acid sequences of the newly isolated clones 
with those isolated previously from library M (3, 4, 8. 13, 36). For DNA 
fingerprinting, the heavy chain (Fd) fragment of the positive clones was 
amplified using the CG1d (5'-GCA TGT ACT AGT TTT GTC ACA AGA 
TTT GG-3') and VH135 (5'-AGG TGC AGC TGC TCG AGT CTG G) 
primer-pair A third (10 ul) of the amplified DNA was digested with 2 U of 
Bsl Nl (New England Biolabs, Beverly, MA) during a 16 hrs incubation 
according to manufacturer's instructions. The restriction digests were 
analyzed on 2% agarose/TAE gels. 

Results 

Preparation and characterization of panning antigen 
To solubilize membrane associated proteins, the 

non-ionic detergent n-octyl p-D-glucopyranoside (OG) 
was used at a concentration of 0.5% (w/v) (17mM). RK13 
cells infected with rW expressing the HIV-1 iw Env 
proteins were lysed, and the cleared lysate was 
fractionated on an ACA ultrogel-34 gel-filtration column, 
equilibrated in 0.05% (w/v) OG (1.7mM). The presence of 
HIV-1 iHi Env in the fractions was determined by means of 
GNA-capture ELISA. The turbidity (vesicle formation) of 
the fractions was measured at Asoo. This revealed two 
HIV-1 iHi Env containing peaks, the first of which co-eluted 
with the turbid fractions and the void volume of the 
column, and thus represent the protein complexes that 
were excluded from the column, i.e. larger than the cut-off: 
750 kD (Fig. 3.1A). 

The fractions of the first peak were pooled and 
referred to as OG-P1IHI. To determine if the HIV-1 IHI Env 
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Figure 3.1: Preparation of vesicles expressing the Env 
complex of HIV-1,Hi- HeLa/RK13 cells infected with rW i „ , 
were lysed in 0.5% OG (w/v). After removal of cell-debris 
the lysates were applied to an ACA ultrogel-34 gel-filtration 
column equilibrated in 0.05% (w/v) OG and (500 |d) 
fractions were collected. A) Env content in the fractions was 
assessed by means of GNA-capture ELISA with rabbit 
antiserum CLB-W61D (-•-). Turbidity (Aaool -0-) was 
measured to detect vesicles. Fractions 38-44 (indicated by 
the solid bar) and fraction 72-92 (indicated by the open bar) 
were pooled and referred to as OG-P1 HI and OG-P2!H, 
respectively. Both OG-P1IHi and OG-P2(H' were subjected to 
western blot analysis and visualized with rabbit anti-Env 
antibodies (insert). B) OG-P1im was stained with 
biotmylated lgG1b12 followed by Streptavidin-PE versus 
AnnexinV-FITC (AnxV) and measured by flow cytometry. C) 
AnxV positive vesicles were gated and the effect of 
preincubation with sCD4 (50 or 5 ug/ml; grey lines) on 
igG1b12 binding (black line) was investigated (Streptavidin-
PE alone: solid histogram). 

was associated with the vesicles, 0 G - P 1 I H was analyzed 
by flow cytometry. The vesicles were stained with 
AnnexinV (AnxV), indicative of the presence of the 
phospholipid phosphatidyl serine, and lgG1b12, directed 
against the CD4 binding domain of HIV-1im Env. Double 
positive vesicles were observed (Fig. 3.1 B). Preincubation 
with sCD4 selectively inhibited the lgG1b12 signal, 
indicating Env-specific staining (Fig. 3.1C). Preliminary 
analysis of OG-P1im with a confocal microscope revealed 
a homogeneous population of spherical particles with an 
average diameter of 0.5 u.m (data not shown). 

The second peak, falling within the fractionation 
range of the column and most likely containing the 
monomeric Env, was also collected and referred to as 
OG-P2IHI. Both OG-PIIHI and OG-P2im were subjected to 
western blot analysis with anti-HIV-1 Env antiserum from 
rabbits (Fig. 3.1 A insert). The OG-P1IHI preparation 
predominantly contained gp160 with a varying amount of 
gp120. In Fig. 3.1A (insert) a OG-P1IHI is shown that 
contained a relative large amount of gp120. The 0G-P2iw 
preparations contained both gp160 and gp120. 

Phage selection 
Phage display library M was panned against 

OG-P1 iHi in a detergent background of either 0.05% (w/v) 
OG (gel-filtration column concentration) or 0.5% (w/v) NP-
40 (NP-P1IHI). NP-40 was used here to disrupt the 
vesicles. The antigens were presented in GNA-coated 
ELISA wells. Based on the number of phages eluted from 
the wells the degree of amplification was determined. After 
4 rounds, a 6-fold amplification was observed for the OG-
PIIHI panning and a 5-fold amplification for the NP-P1im 
panning. From the 4m round of panning monoclonal 
phages were grown from 75 individual colonies from each 
panning experiment and screened in an ELISA for 
reactivity with the panning antigens. In the ELISA, GNA 
alone was used as a negative control (representative 
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ELISA results are shown in Fig. 3.2A). From the OG-PIIHI 
panning, 70 clones (93.3%) were considered positive, 
from the NP-Plim panning, 66 clones (88.0%). 

DNA fingerprint- and sequence analysis of positive 
clones 

The restriction enzyme Bst N1, which frequently 
cuts in the human y1 heavy chain, was used to digest the 
DNA of the amplified heavy-chain from the positive clones 
(31). Eleven distinct restriction patterns (fingerprints) could 
be observed (Fig. 3.2B). The clones were grouped 
according to the resulting DNA fingerprints and the 
frequency of the clones in the different panning 
experiments was determined (Fig.3.2C). 

Where possible, at least three clones (preferably 
originating from different panning strategies) of each 
fingerprint group were sequenced. The clones were 
characterized on the basis of their heavy chain 
complementarity-determining region 3 (HCDR3) and 
compared with clones previously isolated from library M 
(Fig. 3.2C) (3, 4. 8.13, 36). 

The panning experiment using OG-P1iw selected two 
clones that were related to the previously isolated clones, 
b8, a gp120 CD4-binding domain (CD4bd) specific Fab 
(3), and T3, a gp41 cluster II specific Fab (4). Additionally 
three clones with novel HCDR3 sequences, termed MOG1 
through MOG3, were selected. The OG-P1IHI mainly 
selected for MOGUike clones, as these were present at 
relative high frequencies of 59/75 (78.7 %). MOG2- and 
MOG3-like clones were present at frequencies of 6/75 (8.0 
%) and 3/75 (4.0 %), respectively. 

The NP-P1IHI also selected for clones related to 
the b8 and T3 clones, but at higher frequencies, 16/75 
(21.3%) and 17/75 (22.7%) respectively, compared to OG-
PIIHI. Additionally, previously identified gp120 CD4bd 
specific clones b5 (3/75; 4.0%) and s8 (1/75; 1.3%) (3) 
were also selected, as was gp41 cluster I specific clone 
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Figure 3.2: Phages were prepared from clones from the 
forth round of selection and tested in a GNA-capture ELISA. 
A) Representative clones from the OG-P1.H! panning (OG: 
left panel) and NP-P1iHi panning (NP; right panel) are 
shown. Phage Abs were tested on the panning antigens 
(solid bars), monomeric gp120UN (hatched bars) and GNA 
alone (open bars). As positive and negative controls, phage 
b12 (b12) and wild-type (wt) phages respectively were 
included in each screening. B) DNA was isolated from 
selected positive clones, the Fd fragment amplified and 
digested with restriction enzyme Bst Nl, Hae III and Tag I 
and analyzed on a 2% agarose gel. As a marker 
<,iX174/Hae III was used (M). C) The clones were grouped 
according to their DNA fingerprints and the frequencies in 
both pannings were determined. Representative positive 
clones, derived from each fingerprint group, were 
sequenced. The amino-acid sequence of the heavy chain 
complementarity-determining region 3 (CDR3) and the 
flanking framework regions (FR3 and FR4) were deduced. 
Dashes indicate sequence identity to first sequence in 
group. Sequence numbering is according to Kabat. 
Underlined clones were selected as prototypic clones for 
further characterization. 
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M8B (2/75; 2.6%) (4). The MP-Piwi also selected for 

M0G2-like and MOG3-like clones at frequencies of 14/75 

(18.7 %) and 4/75 (5.3 %), respectively. Furthermore, this 

panning selected for three other clones with novel HCDR3 

sequences, termed MNP1 through MNP3. MNP1 and 

MNP3 were present as single clones (1.3 %), whereas 

MNP2 was present at a frequency of 7/75 (9.3 %). 

None of the panning strategies selected for 

clones related to the relatively strongly neutralizing 

antibody b12 (9), although this clone was able to bind to 

the panning antigen (see Fig. 3.1 C and 3.2A). 
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Table 3.1: Summary of ELISA reactivity of isolated 
clones 
Capt 

ID-17 

a-VV 

GNA 

Ag 

NP-P1 IH, 

NP-P1,HI 

NP-P1IHI 

OG-P1 IH l 

gpi20,.,N 

gp120LAv 

C1-inh 

Clones 

MOG 

1 2 3 

- ++ ++ 

++ -

- ++ ++ 

++ + + 

- - -
• 

MNP 

1 2 3 

+ + 

+ 
++ ++ ++ 

+ + + 

- - -
. 

controls 

s8 b12 wt 

++ ++ -

. . . 
++ ++ -

+ + 

++ ++ -

++ ++ -

. 

Capt= capturing agent, Ag= antigen, wt=wild type phage 
++=strong reactivity, +=weak reactivity, -=no reactivity 

Specificity of newly isolated Fab clones 
To further characterize the specificity of the 

newly isolated clones, a prototypic clone from each group 
was selected and phages were grown. Precipitated 
phages were tested in a number of Ag-capture-ELISAs 
(Table 3.1). To exclude reactivity to host-cell derived 
antigens HeLa cells, instead of RK13 cells, were used to 
prepare OG-P1iw. All clones remained reactive with HeLa 
cell derived OG-P1iw. Upon NP-40 treatment the reactivity 
of all clones increased, except for the MOG1 clone, which 
lost its reactivity. 

To determine HIV-1 Env specificity, mAb ID-
gp120-17. specific for a conformational epitope in the C1-
domain of gp120, was used as capturing agent. This 
revealed that two new clones (MOG2 and MOG3) derived 
from the OG-P1im panning and two new clones (MNP2 
and MNP3) derived from the NP-P1im panning, were HIV-1 
specific. Preliminary epitope mapping studies (data not 
shown) indicate that none of the newly isolated HIV-1 
specific clones were directed against the CD4 binding 
domain. To verify that the clones were directed against 
conserved regions on HIV-1 gp120, the clones were 
tested for reactivity with gp12ÜLAv or gp120(,w (Table 3.1). 
None of the novel clones bound to gp120iAv nor gp12ÜMN, 
whereas the b12 and s8 clones did. 

To determine the specificity for vaccinia derived 
proteins, precipitated phages were tested in an ELISA for 
reactivity with NP-P1iw captured by a Vaccinia specific 
rabbit pAb. The highly dominant MOG1 clone, derived 
from the OG-P1IHI panning, reacted with Vaccinia proteins, 
as did the MNP6 clone derived from the NP-P1im panning. 

In total 11 clones (14.7%) from the OG-P1im 
panning were HIV-1-specific, whereas 59 clones (78.6%) 
were specific for vaccinia. For the NP-P1im panning 65 
clones (86.7%) were HIV-1-specific. whereas 1 clone 
(1.3%) was specific for vaccinia (Fig. 3.3). 

Discussion 
Traditional selection strategies for the isolation 

specific Abs often depend on the availability of purified 
antigens. Some classes of proteins however, like integral 
membrane proteins, are not easy to purify and thus 

require intricate selection strategies. Here we describe an 
elegant approach for the generation of panning antigens 
suitable for the selection of phage libraries against 
membrane proteins. In this study the envelope 
glycoprotein complex (Env) of HIV-1 was used as a model 
for a type-1 integral membrane protein. Env was 
expressed on membranes by infecting cells with 
recombinant vaccinia virus encoding for gp160. 

The first step in our approach was the 
solubilization of the membrane protein of interest from the 
native membrane. The mild non-ionic detergent OG has 
been successfully used for this purpose (38). OG differs 
from most other non-ionic detergents in that it has a 
relative high critical micellar concentration (cmc), which 
makes removal of detergent easier. The concentration of 
OG would ideally be such that membrane-associated 
proteins are solubilized including phospholipids, but non-
covalent protein interactions (e.g. gp120-gp41) are 
maintained. In this respect Helenius et al. (23) reported 
the preservation of the non-covalent interaction between 
the Semliki Forest Virus (SFV) Env protein and capsid 
protein in 30 mM OG (0.88%). Additionally, Heinz et al. 
(21) reported that almost half of the phospholipid content 
of the tick-borne Encephalitis (TBE) virus was still 
associated with the TBE Env after treatment with 1% OG 
(34 mM). Furthermore, Patemostre et al. (38) reported the 
minimal concentration of OG (14 mM; 0.41%) needed to 
solubilize all viral Env proteins from VSV virosomes. The 

I HIV-1 

CZ] vaccinia 
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Igp41 

(unknown 

OG(11) NP(65) 

Figure 3.3: The frequency of clones, indicated by the 
specificity, in A) the total phage population and B) the HIV-1 
specific population, after selecting the library for four rounds 
of panning against the antigen indicated (OG = OG-P1iHI, 
NP = NP-P1IHI). The number of clones used for the data 
represented in each bar is given in parentheses. 
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authors argued that minimizing the detergent 
concentration was a critical step in the successful 
functional reconstitution of the solubilized Env. Taking all 
these factors into consideration we choose an OG 
concentration of 0.5% (17mM). Indeed the Env, derived 
from a 0.5% OG lysate, could re-associate into 
phospholipid containing vesicles (Fig. 3.1 B), indicating 
that phospholipids were still associated with the proteins. 
As the presence of gp120 in this membrane associated 
Env could be demonstrated (Fig. 3.1A insert) the non-
covalent interactions were at least partly preserved. 

Membrane proteins normally represent a very 
small portion of the total cellular protein content. 
Contamination by other cellular proteins liberated by the 
detergent could therefor represent targets for non-relevant 
phages and should thus be avoided. Capturing the antigen 
of interest from a cell-lysate by Ag-specific mAbs, has 
been successful (42, 44). In our study we used the lectin, 
Galanthus nivalis agglutinin (GNA), as a capturing agent. 
Although lectins are generally less specific than mAbs, 
GNA does show considerable specificity for HIV-1 Env 
(18, 24, 30). In general, lectins make attractive Ag-
capturing agents for panning experiments, as the 
carbohydrate structures, to which they bind, are typically 
considered immuno-silent. Lectins therefor are not likely to 
mask relevant epitopes and consequently biasing the 
selected repertoire. 

High expression levels introduce other 
contaminants due to saturation of the cellular processing 
machinery. For example, for HIV-1 Env expression it was 
reported that the majority of Env was retained in the ER 
and subsequently degraded (6, 11, 50). In vivo, 
unprocessed gp160 or monomeric gp120. are thought to 
play a role as decoy antigens, exposing non-relevant 
epitopes (35). Similarly the intracellular contaminants in 
the panning Ag would also serve as decoy for the 
selection procedure and should thus be removed. To get 
rid of these contaminants the OG-solubilized proteins 
were fractionated by gel-filtration. Simultaneously, the 
concentration of OG was reduced to 0.05% OG (column 
concentration), which is below the critical micellar 
concentration (cmc) of OG. As a result the lipids still 
associated with the solubilized integral membrane proteins 
re-associate to form high molecular weight vesicles along 
the column, trapping the membrane-associated proteins, 
and separating them from the soluble, non-membrane 
associated proteins. The increase in binding of the phage 
Abs (Table 3.1) as a consequence of NP-40 treatment 
indicates that not all Env is incorporated in the right 
orientation. 

Both membrane-associated (OG-P1im) and 
soluble (NP-P1IHI) Ags selected for HIV-1 specific Fabs. 
There were, however, some qualitative differences. OG-
P1IHI selected for 1/11 (9.1%) CD4bd specific clone, 
whereas NP-P1IHI selected for 20/65 (30.8%). This 
indicates that the CD4bd is either less exposed in the 
membrane context (oligomeric forms), which is in 
agreement with current views (17, 47, 52) or the other 
epitopes are immuno-dominant in the membrane context. 
The MOG2 and MOG3 clones seem to be directed to 

epitopes that are well exposed on both types of antigen. In 
the OG-P1IHI panning, we found a considerable 
enrichment for a vaccinia specific Fab (MOG1). This is 
probably a reflection of the high prevalence of vaccinia-
derived proteins on the vesicles and the immune-state of 
the donor. Conversely, the NP-40 treated panning Ag only 
selected for a single vaccinia-specific clone (MNP1). The 
fact that NP-P1IHI did not select for MOG1 combined with 
the observation that MOG1 binding to P1IHI in the GNA-
capture ELISA was abolished after NP-40 treatment, 
suggests that the MOG1 Ag does not bind to GNA directly, 
but is captured via its association with the vesicles. This 
suggests that with our strategy capturing of an Ag in trans, 
e.g. mAbs to other integral membrane proteins in the 
preparation, is also possible. This would be preferable if 
no Ag-specific capturing agents are available or if the 
membrane context is important for antigenicity. Studies 
that have investigated the parameters that affect selection 
procedures suggest that the density of the Ag can greatly 
influence the success of such procedures (28, 33). 
Experimental expression systems like the one we used, 
are often chosen for their high expression levels and thus 
seem better candidates for our type of selection. However, 
with fine-tuning of our strategy it could be possible to 
select for naturally expressed cell-surface proteins. 

HIV-1 Env-specific Fab fragments have been 
isolated from phage antibody fragment libraries using 
purified Env subunits (3, 4, 8, 13). However, the 
neutralizing ability of the Env-specific Fabs was shown to 
correlate with the affinity to the mature oligomeric 
configuration, rather than affinity to functionally irrelevant 
forms of Env, i.e. monomeric or unprocessed Env (17, 37, 
40, 43). Concentrated virions expressing the mature 
trimeric configuration enriched for the relatively strong 
neutralizing b12 clone (36). Apparently, the successful 
rescue of recombinant human Fab fragments with HIV-1 
neutralizing activity from a phage display library largely 
depends on the presentation of envelope proteins in a 
physiological relevant configuration. As OG-P1IHI failed to 
select for the relatively strong neutralizing b12 clone, 
present in the library, it suggests that OG-P1iw does not 
represent the mature oligomeric Env. We think this is 
probably due to the predominance of gp160 (uncleaved 
Env) present in OG-P1IHI, which is likely the result of 
saturation of the cellular furin-like proteases responsible 
for Env cleavage due to the high levels of protein 
expression. Over-expressing furin for the generation of 
OG-P1IHI should prove more successful (5). Another 
explanation for the inability of OG-P1iw to select for b12 is 
that its epitope is not exposed on HIV-1 iw Env. This, 
however, is contradicted by the facts that phage b12 could 
bind to OG-/NP-P1.HI in GNA-capture ELISA, that lgG1b12 
could bind to P1im in flow cytometry and that the HIV-1 ACH-
i?2-B-ai isolate, from which HIV-1 iw Env was cloned, could 
be neutralized by lgG1b12 (ICSQ = 6.25 ug/ml, unpublished 
data). 

Another observation is that previously unknown 
clones could still be isolated from a relatively well-
characterized library. The reason for isolating new clones, 
could simply be a technical one. The solid state 
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amplification used in this study, as compared to liquid 
state amplification (8), is more favorable for clones with a 
growth disadvantage. Alternatively a screening procedure 
based on phages may detect additional positive clones 
because of avidity instead of affinity. Finally the origin of 
the Env used is this panning, a prototypic R5 primary 
isolate, could have influenced the selected repertoire as 
well. 

In conclusion, we describe a simple approach 
for the generation of panning antigens based on the 
solubilization and reconstitution of integral membrane 
proteins. With this method we could select known and 
novel HIV-1 Env-specific Abs from a well-characterized 
phage-display library made from an HIV-1 seropositive 
donor. We suggest this approach may be applicable for 
the selection of Abs against membrane protein. 
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CHAPTER 4 

Antibody-mediated neutralization of HIV-1 has been shown to correlate with recognition of the mature oligomeric 
envelope glycoprotein (Env) complex as present on the membranes of virions and infected cells. Although many 
efforts have been made to mimic the oligomeric nature of the mature Env complex, only few studies have 
addressed the membrane environment in which the mature Env complex is expressed. In this study we 
investigated the influence of the membrane environment on both the antigenic and immunogenic properties of 
Env proteins. For this we isolated membrane-associated and soluble envelope glycoproteins from recombinant 
vaccinia virus infected cells expressing the env gene of a prototypic R5 HIV-1 clone (IHI), by using the mild non-
ionic detergent n-octyl p-D-glucopyranoside (OG) in combination with size-exclusion- and affinity 
chromatography. Screening of a number of human HIV-1 seropositive sera for binding to Envim in membrane-
associated and soluble forms indicated that the majority (up to -97%) of the antibodies elicited in the course of 
natural infection recognized epitopes that are not available on the membrane-associated form. Sequential serum 
samples from one patient showed that samples obtained during established infection preferentially recognized 
soluble Env forms. Interestingly, samples obtained shortly after seroconversion, however, preferentially 
recognized membrane-associated Env forms. Immunization of rabbits with both Env preparations revealed that 
membrane-associated and non-membrane-associated Env elicit qualitatively different responses. Overall these 
findings indicate that the membrane environment markedly changes the antigenic and immunogenic properties 
of the Env complex, which may have important conceptual implications for development of vaccines able to 
induce neutralizing antibodies. 

Introduction 
The human immunodeficiency virus type 1 (HIV-

1) envelope glycoprotein (Env) complex has been 
identified as the primary target for neutralizing antibodies 
(22, 41, 45). The Env complex is synthesized as a 
precursor glycoprotein, gp160, which is assembled as a 
trimer, (gp160)3. The gp160 is subsequently cleaved into 
the gp120 surface subunit and the gp41 transmembrane 
subunit, resulting in the mature oligomeric Env complex 
(gp120-gp41)3 on the surface of infected cells and, 
eventually, on virions. 

Early studies identified recombinant monomeric 
gp120 and gp160 subunits as potential vaccine 
candidates. Monomeric Env, however, elicits poor 
neutralizing responses to primary isolates of HIV-1 in 
humans (7, 18, 27, 35, 48, 50). Indeed, experiments in 
vitro have shown that most potent neutralizing antibodies 
appear to be distinct, not in terms of recognition of 
monomeric gp120 or gp160, but in term of recognition of 
the mature oligomeric Env complex (6,15, 34,40,43, 44). 
Hence, emphasis regarding potential vaccine candidates 
for HIV-1 infection has shifted to the mature trimeric Env 
complex. 

In an effort to better mimic the mature oligomeric 
complex, soluble oligomeric gp160 (47) and gp140 
constructs (gp120+gp41 ectodomain construct lacking the 
cleavage site) have been produced (3, 9-11). However, 
the constructs made thus far could not elicit an antibody 
response that could neutralize heterologous primary 
isolates (9, 33, 39, 47). Furthermore, a study using SIV 
derived gp140 showed impaired co-receptor interactions 
(12). Taken together these data suggest that the soluble 
oligomeric Env tested so far does not accurately mimic 
native oligomeric Env. as expressed on infected cells or 
virions. 

One obvious difference with the native oligomer 
is that the gp140 oligomers are uncleaved and hence may 
not expose all epitopes accessible on native Env. Due to 
the lability of the non-covalent interaction between gp120 
and gp41 (17, 28, 29, 37), the processed oligomer is 

difficult to isolate. A disulfide-bond stabilized variant of 
gp140. which still contains the gp120/gp41 cleavage site, 
has been constructed and may better mimic native Env 
(1). Another factor that could account for the difference in 
immunogenicity of the soluble oligomers is the absence of 
a membrane environment. Antigenic surfaces that are 
occluded by the virion membrane (23,51), are exposed on 
soluble forms, which could skew the antibody response 
towards specificities that are not accessible on the virion 
and thus non-neutralizing (e.g. (10)). 

The aim of the present study was to compare 
the antibody response to Env complexes in a membrane 
context with the response to soluble gp120/gp160. To this 
end we constructed a recombinant vaccinia virus (rW) 
expressing the env gene of a prototypic R5 HIV-1 clone 
(IHI) under control of a vaccinia late promoter (p11). We 
used the mild non-ionic detergent n-octyl p-D-
glucopyranoside (OG) in combination with size-exclusion-
and affinity chromatography to isolate membrane-
associated and soluble Env from infected cells (20). 
Human seropositive serum reactivity to the Env 
preparations was compared. Additionally, rabbits were 
immunized with the Env preparations and the immunesera 
analyzed. 

Materials SMethods 

Cells, viruses and recombinant proteins 
Monocytes, more than 95% pure, were isolated from an HIV-1 antibody 
negative donor essentially as described by Figdor et al (13). Briefly, 
penpheral blood mononuclear cells (PBMC) were isolated from 
peripheral blood by Percoll density gradient centrifugation. Monocytes 
were enriched by elutriation To obtain monocyte-derived macrophages 
(MDM), the monocytes were cultured for five days (37°C, 5% CO,) at a 
concentration of 106 cells/ml in endotoxin-free Iscove's modified 
Dulbecco's medium (IMDM; Biowhittaker, Verviers, Belgium) 
supplemented with 10% (v/v) pooled human serum, penicillin (100 U/ml) 
and streptomycin (100 ng/ml). CV-1 cells (African green monkey kidney 
cell-line: ATCC CCL70). RK-13 cells (rabbit kidney fibroblast cell-line) 
and HeLa cells (human cervical carcinoma cell-line) were obtained 
through the American Type Culture Collection (ATCC, Manassas, VA) 
and cultured in IMDM, supplemented with 10% (v/v) fetal calf serum 
(FCS: Biowhittaker), penicillin (100 U/ml) and streptomycin (100 (jg/ml) 
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(37°C. 5% (v/v) COz) until confluent. Wild type vaccinia virus (strain WR) 
and recombinant vaccinia virus (rW) that expresses T7 RNA polymerase 
(vTR-3; ATCC VR-2153)(16) were obtained through the ATCC. HIV-1 
isolate ACH172.B-al was obtained from a broncho alveolar lavage from 
an HIV-1 infected individual in the Academic Medical Center in 
AMsterdam (14). The recombinant gp120 proteins from HIV-1 strains MN 
and NIB were produced by stably transfected CHO cells and were 
obtained from the NARRRP (contributed by Immunodiagnostics, Woburn, 
MA). 

Antisera and monoclonal antibodies 
The HIV-1 V3 loop-specific mouse monoclonal antibodies (mAbs) IIIB-
V3-13 and MN-V3-53 have been described elsewhere (21). In brief, mAb 
IIIB-V3-13 was generated against a V3-loop peptide (24) and is specific 
for HIV-1 HE related strains. The antibody, provided by the NIH AIDS 
Research and Reference Reagent Program (NARRRP; contributed by J. 
Laman), can neutralize T cell line adapted (TCLA)-HIV-1,„B In vitro. MAb 
MN-V3-53 was raised against an HIV-1 w,-derived peptide corresponding 
to the tip of the V3 loop. The antibody neutralizes TCLA-strain HIV-1 MN In 
vitro. HIV-1-posilive serum samples were selected from individuals 
without clinical symptoms and contained moderate to high titers of 
neutralizing antibodies against TCLA viruses Additionally, sequential 
serum samples drawn shortly before and after seroconversion were 
obtained from an HIV-1 infected individual, designated patient W (42). 
Rabbit antisera against Env from HlV-lma (CLB-40336), HIV-lwsto (CLB-
W61D) and HIV-1,,,. (CLB-17-3. CLB-11-4) were prepared as follows. For 
CLB-40336 and CLB-W61D, 10 ug of purified recombinant gp160i.iB 
(expressed m insect cells; kindly provided by dr. Torsten Helting. Phage 
company, La Jolla, CA) or gp160,wc (expressed in CHO cells; Smith-
Kline-French. Rixensart. Belgium) respectively, was mixed with complete 
Freund's adjuvant and injected subcutaneously at four places. This was 
repeated four times separated by one-month intervals. The antibody 
responses were monitored by ELISA (see below). For rabbit antibody 
CLB-17-3, 1-10 ug of LLS,„' (see below) was mixed with Montanide 
(Seppic, Pans, France) and injected three times as described above. 
Rabbit CLB-11-4 was injected four times with the OG-P1IH (see below), 
containing approx. 2.5-10 ug Envm,, mixed with Montanide. Similarly, 
screening and serum collection was performed as described above. 
Rabbit sera CLB 17-0 and CLB 11-0 were pre-immune sera from the 
same animals. A vaccinia virus specific rabbit serum was purchased from 
Biotrend Chemikalien (Köln, Germany). 

PCR amplification of envelope sequence 
MDM were infected with 101550% tissue culture infective doses (TCIDsn) 
per ml of primary (macrophage-tropic, NSI) HIV-1 isolate ACH172.B-al 
(14), which corresponds to a multiplicity of infection (MOI) of 0005. After 
24 hours, unabsorbed virus was removed and the MDM were further 
cultured for seven days. High molecular weight DNA from infected MDM 
and PCR amplified. Three sets of primers, spanning the complete 
envelope gene, were designed and a unique restriction site (underlined) 
was introduced in each primer to facilitate cloning procedures (cloning 
site and positions of the primer in the HIV-IM.BJ clone genome are 
indicated in parentheses). Primer-set A2 5'-TAT CTA GAG CAG AAG 
ACA GTG GCA-3' (Xbal; 6200-6223)/ V33i 5'-ATG CTC TCC CGG GTC 
CTA TAT GAA T-3' [Xmal: 7148-7172) was used to amplify a 965 bp. 
including the start codon and extending through the first half of the V3 
region. Primer V33i contains a mutation (indicated in bold) that will 
change the Methionine520 ((14), Genbank L06711) in the more generally 
occurring Isoleucine323 (Los Alamos database; http://hiv-web.lanl.gov/) at 
this position. Primer-set V35 5-TAT GGG ACC CGG GAG AGC AT-3' 
IXmal: 7153-7172)/413 5-ACA GCT AGA ATT CTT GCT TG-3' {EcoRI; 
7942-7971) was used to amplify a region of 824 bp, covering the second 
half of the V3 region and extending through part of gp41. Primer-set 415 
5'-CAA GCA AGA ATT CTA GCT GT-3' (EcoRi. 7942-7971)/162 5-AGT 
AAG ATA TCC AAT CAC AC-3' (EcoRV: 8821-8840) was used to 
amplify a region of 888 bp of the envelope, covering the last part of gp41 
and the stopcodon Optimal PCR conditions were' 1 x 5' 95°C, 30 cycles 
1.5' 95°C, 2' 50°C and 2' 72X, and finally 1 x 5' 72'C with 100 ng 
primer. 0.2 mM of each dNTP and 1.5 mM MgCb. To get the V35/413-
fraament and 415'162-fragment a nested PCR was firdt performed. As 
outer primer-set PS-B 5-TGG CAG TCT AGC AGA AGA AG-3' (7009-
7028) and 6-OR 5-CCT CTA GAG CTT CTA GCC CCA GGC ACA-3' 
(8958-8982) was used. Of the first PCR reaction 1 ul was transferred to 
the nested PCR reaction. PCR conditions were the same as described 
above. The PCR fragments were cloned into the pGEM-T vector (Gibco-

BRL. Rockville, MD) and checked by DNA sequence analysis. 

Construction of plasmid transfer vector 
The pGEM-T vectors containing the PCR fragments were digested with 
the proper restriction enzymes in accordance with the instructions of the 
manufacturer (Gibco BRL). Reconstruction of the full-length env gene, 
designated IHI, was done by subsequently ligating the three fragments 
together in the pSP72 vector (Promega, Madison, Wl). The resulting 
construct was termed p160B-aliH,. Fragment borders were checked by 
sequencing and restriction enzyme digestion. To insert the env gene into 
the vaccinia virus genome, the complete gene was first inserted into 
plasmid transfer vector p11-ATA18; downstream from the late vaccinia 
promoter (p11) and flanked by vaccinia sequences encoding the viral 
thymidine kinase (TK). For this the p160B-al,H was digested with Xbal 
and EcoRV, blunt-ended with Klenow polymerase and cloned into the 
Smal site of p11-ATA18. resulting in plHI. 

Transfection and isolation of recombinant viruses 
To generate the recombinant viruses the general procedure as described 
by Macket et al. was used (26). In short HuTK- cells were infected with 
wild-type (TK+) vaccinia strain WR. At 3 hours post infection (p.i.) 
calcium phosphate-precipitated plasmid DNA (plHI) was added to allow 
homologous recombination. Cells were harvested 48 hours p.i. and TK-
recombinants were selected from infected cell lysates by a plaque assay 
on HuTK- cells in the presence of 100 ug/ml 5-bromodeoxyuridine 
(BUdR) (Sigma). Independent plaques were plaque-purified and the 
recombinant vaccinia viruses (rW,H,) was grown to large stocks in CV-1, 
RK-13 or HeLa cells. 

DNA sequence analysis 
Nucleic acid sequencing was carried out using an ABI Prism 377 
automated DNA sequencer (Perkin-Elmer, Norwalk, CT) with a Big Dye 
Terminator cycle sequencing kit (Applied Biosystems. Foster City, CA). 

Metabolic labeling of adherent cells 
Pulse chase experiments were done as described before by Braakman 
et al. (2). Subconfluent cells expressing gp160/120«i were washed once 
with Hanks' balanced salt solution (HBSS; Gibco-BRL) and preincubated 
in starvation medium lacking methionine and cysteine for 15 minutes at 
37°C. The cells were pulse-labeled for 10 minutes with 50 uCi of in vitro 
[55S]-labeling mix (Amersham Pharmacia Biotech, Uppsala. Sweden) and 
chased for various times. The chase was started by the addition of 
complete medium containing excess unlabeled cysteine and methionine. 
Cyclohexamide was included in the chase to stop elongation of nascent 
chains. The chase was stopped by transferring the cells to ice and 
washing them with ice-cold HBBS containing 20 mM iodocetamide to 
alkylate free sulfhydryl groups in the labeled proteins. The cells were 
lysed in 0.5% (w/v) Triton X-100 in MNT (20 mN MES, 100 mM NaCI, 30 
mM Tns-HCI, pH 7.4) containing 20 mM lodoacetamide and protease 
inhibitors (chymostatin. leupeptin, antipain, pepstatin, PMSF and EDTA). 
Lysates were used directly for immunoprecipitation. 

Immunoprecipitation 
Protein A Sepharose 4B fast flow beads (Amersham Pharmacia Biotech) 
were incubated for 30 minutes at 4"C with polyclonal rabbit antiserum 
CLB-40336 (3 ul). Per immunoprecipitation 100 ul of lysate was added 
and incubated for 15 hrs at 4°C. The immunoprecipitates were washed 
twice with buffer containing 0.05% (w/v) triton X-100, 0.05% SDS and 
300 mM NaCI in 10 mM Tris-HCL, pH 8 for 5 minutes at RT. The washed 
pellets were resuspended in 10 ul 10 mM Tris-HCL, pH 6.8 after which 
non-reducing sample buffer was added to a final concentration of 200 
mM Tris-HCL, pH 6.8. 3% SDS. 10% glycerol. 0.004% bromophenol blue 
and 1 mM EDTA. After heating for 5 minutes at 95°C, samples were 
subjected to non-reducing SDS-PAGE (7.5%). 

Solubilisation of Env 
Membrane-associated Env. Membrane-associated Env was isolated as 
described previously (7906). In short, HeLa or RK13 cells infected with 
rW,h (48-72 hrs p.i.) were harvested and subsequently incubated for 30 
minutes on ice in lysis buffer (PBS supplementeo 200 uM PMSF and 80 
uM Pepstatin) containing 1% (w/v) n-octyl (i-D-glucopyranoside (OG; 
Sigma, Stlouis, USA). After removal of cell-debris (10 min, 2000xg, 
4°C). the lysate was fractionated using an ACA ultrogel-34 gel-filtration 
column (Biosepra, Cergy-Saint-Christophe, France), equilibrated in the 
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same buffer except for an OG concentration of 0.05 % (w/v), which is 
below the critical micelle concentration (CMC). Fractions (500ul) were 
collected, and the turbidity (vesicle formation) was assessed by 
measuring Amm, as well as the Env content by means of GNA-capture 
ELISA (see below). 

NP-40 treatment: To liberate the Env proteins from the membrane-
context in the GNA-capture ELISA. the Env preparations were diluted in 
PBS/ 0 4% ELK/ 0.05% gelatine/ 0.5% Nonidet P40 (NP-40) in the 
antigen incubation step 
Purified Env. Soluble-Env containing fractions, within the fractionation 
range of the column, were pooled and applied onto a 2 ml bed of Lentil-
Lectin-Sepharose beads (Amersham Pharmacia Biotech), layered on top 
of a 25 ml gel-filtration column of G25-fine (Pharmacia), pre-equilibrated 
with the same buffer as used for the ACA-34 column. The column was 
washed with the same buffer until no protein was detected. The 
glycosylated proteins were then eluted from the column by competition 
with 0.5 M Methyl-u-D-Mannopyranoside (Sigma) in PBS. Fractions 
were monitored for Env content with an ELISA (see below), Env-
containing fractions were pooled, and, if necessary, concentrated on a 
Centricon-10 filter (Amicon, Beverly, MA). The purity of the envelope 
proteins was checked by 8% SDS-PAGE in the presence of 6 M Urea. 

Enzyme-linked immunosorbent assay (ELISA) 
GNA-capture ELISA: The wells of Falcon MicroTest III 96-well plates 
(Becton Dickinson. Franklin Lakes, NJ) were coated with 25 ul of PBS 
containing 20 ug/ml of Galanthus nivalis agglutinin (GNA; Boehringer 
Mannheim, Mannheim, Germany) per ml O/N at RT. Plates were blocked 
with PBS containing 4% (w/v) non-fat dry milk (Campina, Eindhoven, The 
Netherlands) and 0.5% (w/v) gelatine (Merck, Darmstad, Germany) for 1 
hr at RT and washed with PBS containing 0.02% (w/v) Tween-20. 
Antigen preparations were added to the wells for 1 hr at 37°C and the 
captured recombinant Env was then incubated with mono- or polyclonal 
antibodies for 1 hr at 37°C. The bound antibodies were detected with 
either alkaline-phosphatase-conjugated (AP) goat anti-human F(ab); 
immunoglobulin G (IgG) (Pierce, Rockford, IL) or AP-conjugated goat 
anti-rabbit IgG (Pierce) and p-Nitrophenyl Phosphate substrate (Sigma). 
Peptide ELISA: Peptide ELISA was carried out as described previously 
by Huisman et al. (21). 

Results 

Cloning and expression of the HIV-1im env gene 
The env gene of a prototypic R5 HIV-1 isolate 

ACH172.B-al was PCR amplified and cloned downstream 
of a p11 late promoter in vaccinia expression vector p11-
ATA18. The resulting construct. plHI, was checked by 
DNA sequence analysis and recombinant vaccinia 
viruses, rWiw, were grown. To determine intracellular 
synthesis and maturation of Enviw, rWim infected HeLa 
cells were pulse-labeled with [35S]-methionine (Fig. 4.1). 
Immuno-precipitation with HIV-1 Env specific polyclonal 
rabbit antisera revealed that bands corresponding to 
gp160 and gp120 were present in the cell lysates. As 
expected the gp160 band diminished in intensity with 
increasing chase times probably as a result of proteolytic 
processing into gp120 and gp41, and lysosomal 
degradation (4, 49). Both gp160 and gp120 could already 
be demonstrated at time-point 0, indicating that within 10 
minutes (labeling-time) cellular proteases had processed 
the glycoprotein precursor gp160 into the gp120 and gp41 
glycoproteins. The gp120 band also diminished in time, 
suggesting that shedding from the cell-surface had 
occurred (Fig. 4.1). In accordance with this. gp120 could 
be demonstrated in the culture medium at the later time 
points (480 minutes and overnight incunbation). The gp41 
band could not be demonstrated in these experiments, 
because the sera used in this study do not react well with 
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Figure 4 .1 : Intracellular synthesis and processing of the 
HIV-1 IHI envelope gene products. HeLa cells were 
infected with rVViHi. At 5 hrs p.i. the cells were pulse-labeled 
with [35S]-methionine and chased for 0, 5, 15, 30, 60, 120, 
240 and 480 minutes and O/N. Lysed cells (A) and culture 
supernatant (B) were immuno-precipitated with rabbit 
polyclonal antisera CLB-W61D to HIV-1 Env and analyzed 
by SDS-PAGE. 

the gp41 moiety 

Isolation of membrane associated and soluble 
envelope glycoproteins 

Non-ionic detergents are inefficient in 
dissociating non-covalent protein-protein interactions. This 
property has made them a widely used tool to solubilize 
and isolate viral envelope proteins (20, 36). The non-ionic 
detergent n-octyl p-D-glucopyranoside (OG) differs from 
most other non-ionic detergents typically used in 
biochemistry in having a very high critical micelle 
concentration (CMC). This property, in combination with 
size-exclusion chromatography, was used to capture 
membrane-associated Env from infected RK13 (rabbit) or 
HeLa (human) cells in detergent-lipid vesicles as 
described previously (Chapter 3). The Envim-containing-
vesicles were collected in the fractions representing the 
void volume of the gelfiltration column and will further be 
referred to as OG-P1IH. The remaining fractions containing 
EnviH, falling within the fractionation range of the column, 
were collected, purified on a Lentil-Lectine-Sepharose 
column and further referred to as LLSiw. Both OG-P1im 
and LLSIHI were subjected to western blot analysis with 
anti-HIV-1 Env antiserum from rabbits. Similar to the 
results shown previously (Chapter 3; Fig. 3.1A insert), 
both preparations contained gp160 and gp120 species 
(data not shown). The predominance of uncleaved Env in 
OG-P1IHI is likely the result of saturation of the cellular 
protease responsible for Env cleavage due to the high 
levels of protein associated with vaccinia driven 
expression. 

Influence of the membrane environment on the 
antigenicity of Envim 

To determine the influence of the membrane 
context on Ab recognition, HeLa cell-derived OG-vesicles 
were disrupted by incubation with 0.5% (w/v) Nonidet P-40 
(NP), a more stringent detergent, and further referred to 
as NP-P1IHI. A panel of sera from asymptomatic HIV-1 
infected individuals at different stages of disease 
progression were tested for binding to both preparations. 
Half maximal binding concentrations (EC50) were 
determined and compared. NP-treatment of OG-P1im 
increased the binding of the human sera to the 
membrane-associated Env (Fig. 4.2A), This is presumably 
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Figure 4.2: Influence of the membrane-context on Ab 
reconition. The Env from the OG-vesicles was liberated by 
incubation with 0.5% (w/v) NP-40. Human seropositive sera 
(A) and sequential serum samples from patient W obtained 
shortly after seroconversion (B) were titered against the 
Env preparations in ELISA. As control a rabbit antiserum 
against vaccinia virus (a-VV) was included. The 50% 
binding titres (ECf,c values) were compared and the fold 
increase was indicated. 

caused by increased availability of the epitopes that are 
not accessible in the membrane-context. The increase in 
binding ranged from approximately 2- to 30-fold was 
observed, suggesting that approximately 50-97% of the 
antibody response may be directed to epitopes that are 
not accessible in the membrane-context. Alternatively the 
increase in binding could be the result of better binding of 
the liberated Env to the GNA, used to capture the Env. 
However, the fact that the vaccinia specific serum binds 
only 1.25-fold better to NP-P1 IHI does not support this. 

Next, sequential serum samples, drawn shortly 
after seroconversion (SC), were obtained from a HIV-1 
infected individual, designated patient W (42). Analysis of 
serum-binding to both OG-P1im and NP-P1IHI revealed a 
switch in the preferential recognition of both Env 
preparations. Whereas serum samples drawn before 7 
weeks post-SC preferentially recognized membrane-
associated Env, serum samples drawn after 7 weeks post-
SC displayed a preference for NP-treated Env (Fig. 4.2B). 
The preference for NP-treated Env increased with time. 
From three of the asymptomatic HIV-1 infected individuals 

tested in Fig. 4.2A. serum samples drawn at earlier time-
points were available (drawn between 8 weeks and 7 
months of suspected SC). In agreement with the 
observations above, these samples also showed stronger 
binding to NP-treated Env compared to membrane-
associated Env and this preference in binding increased 
as the serum was taken at later time-points (data not 
shown). 
Immunogenicity of Enviw preparations 

To determine the influence of the membrane 
environment on the immunogenicity of Envim preparations, 
OG-P1IHI and LLSIHI, produced from rWiw infected RK13 
cells, were injected into rabbits. The immune and pre-
immune sera were used to monitor the fractions of a gel-
filtration of a 1% (w/v) OG-lysate of rWïw infected HeLa 
cells by means of ELISA (Fig. 4.3A). Antibody titers from 
the OG-P1IHI immunized animals were lower compared to 
the LLSIHI immunized animals. To obtain a comparable 
signal, serum derived after the third immunization with 
LLSIHI (CLB-17-3) was diluted approximately one log more 
compared with serum derived after the fourth 
immunization with OG-P1w (CLB-11-4). Both sera, CLB-
11-4 and CLB-17-3, preferentially recognized the peak 
from which their respective immunogens were derived, i.e. 
OG-P1IHI and LLSIHI respectively. 

As it is likely that OG-P1IHI also contains 
vaccinia-derived membrane-associated proteins, the 
contribution of vaccinia specific antibodies in the 
recognition of OG-P1IHI by CLB-11-4 was determined. This 
was done by comparing the binding of CLB-11-4 to OG-
P1IHI with the binding to a similar preparation derived from 
HeLa cells infected with a rVV encoding T7 RNA 
polymerase (OG-PIT?). Both antigen preparations were 
tested in an ELISA that was normalized for vaccinia 
protein content with a vaccinia specific polyclonal rabbit 
antiserum (Fig. 4.3B). The recognition of OG-P1IHI was 5-
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Figure 4.3: A) Gelfiltration analysis of 1 % OG (w/v) cell-
lysates of rW,H i infected HeLa cells. After removal of cell-
debris the lysates were applied to an ACA ultrogel-34 gel-
filtration column equilibrated in 0.05% (w/v) OG and (500 jil) 
fractions were collected. Env content was assessed by 
means of GNA-capture ELISA with antisera from rabbits 
immunized with OG-P1:Hi (CLB-11-4: - « - a n d -O-) or LLS« 
(CLB-17-3: - • - ) derived from rVV!H, infected RK13 cells. B) 
Contribution of vaccinia specific antibodies present in CLB-
11-4 was assessed by comparing the binding ability to OG-
P1,HI (solid symbols) with the binding ability to OG-PI77 
(open symbols), normalized for vaccinia protein content with 
a vaccinia specific rabbit antiserum ( - • - and -V - ) . One 
representative result from three experiments is shown. 
(CLB-11-0 pre-immune serum; -A- ) . 
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Figure 4.4: Recognit ion profi le of immunized rabbits. Rabbit antisera were titrated against different antigens derived 
from rW,Hi infected HeLa cells (A), recombinant gp120 produced by stable transfected CHO cells (B). CLB-11-4 ( - • - ) ; 
CLB-17-3 (-•-): Rb-anti-w ( - ); CLB-W61D (-A-): CLB-40336 (-V-); CLB-11-0/-17-0 (-•-). 

to 10-fold higher compared to the recognition of OG-PIn, 
indicating that approximately 10-20% the OG-P1iw specific 
antibodies are directed to vaccinia proteins. 

To further define the specificity of the sera, the 
binding ability to several Env related antigens was 
assessed by means of ELISA and compared with other 
Env specific rabbit sera (for each antigen one 
representative result from three experiments is shown in 
Fig. 4.4A+B). A relative rank order was determined for 
several antigens: OG-P1iw (CLB-11-4 > CLB-17-3 > CLB-
W61D = CLB-40336), NP-P1im (see below; CLB-11-4 = 
CLB-17-3 > CLB-W61D = CLB-40336), LLSIHI (CLB-17-3 = 
CLB-W61D > CLB-40336 > CLB-11-4), gp120niB (CLB-17-
3 > CLB-W61D > CLB-40336 > CLB-11-4) and gp120MN 
(CLB-17-3 s CLB-W61D > CLB-40336 > CLB-11-4). 
Overall, CLB-11-4 was the highest-ranking serum against 
the membrane-associated-Env (OG-P1im), even when 
taken into account that 10-20% of the signal is caused by 
vaccinia specific antibodies. The CLB-17-3 serum was 
among the highest-ranking sera against all soluble Env 
forms (NP-PIIHI, LLSIHI, gp120wB and gpt&Okw). 

Subsequently, the immune-sera were tested in a 
PBMC-based neutralization assay. No significant 
neutralizing activity could be observed at a serum dilution 
of 1:16 (data not shown). 

Discussion 
A recombinant HIV-1 Env complex that mimics 

the antigenic properties of the native Env as present on 
virions could play an important role in HIV-1 vaccines and 
in the research addressing antibody mediated HIV-1 
neutralization. As a consequence many efforts have been 
made to make soluble oligomeric constructs (3, 9-11). 
However, the constructs made thus far could not elicit an 
antibody response that could neutralize a broad range of 
primary isolates (9. 33, 39, 47). Our interest was directed 
at the influence of a membrane environment on the 
antigenic and immunogenic properties of Env proteins and 
the use of cell-membrane expression for the isolation of 
oligomeric Env. 

For this purpose we constructed a recombinant 
vaccinia virus expressing the Env of a prototypic R5 HIV-1 
virus and infected HeLa (human) and RK13 (rabbit) cells. 
To isolate the membrane-associated Enviw we used the 

mild non-ionic detergent n-octyl [ï-D-glucopyranoside 
(OG) in combination with size-exclusion chromatography. 
This detergent has been widely used to solubilize viral 
membrane glycoproteins without dissociating non-covalent 
interactions between protein subunits (20, 36). Due to its 
characteristic high critical micellar concentration (CMC) it 
is relative easy to reconstitute the membrane by lowering 
the OG concentration. In this study HIV-1 iw Env 
expressing cells were solubilized with 1% (w/v) OG and 
separated on a gel-filtration column. The column was 
equilibrated in 0.05% (w/v) OG, which is below the CMC. 
In this way membrane reconstitution occurs during 
passage over the column and membrane associated 
proteins are captured in detergent-lipid vesicles, 
designated OG-P1 IHI (Chapter 3). 

Screening of a number of human HIV-1 
seropositive sera for binding to Envini in membrane-
associated (OG-P1IHI) and non-membrane-associated 
(NP-P1IHI) forms, indicated that the majority (-50-97%) of 
the antibodies elicited during natural infection recognized 
epitopes that are not available in the membrane-
associated form. In principle, this is in agreement with the 
hypothesis proposed by Parren and Burton (5, 32), that 
the majority of human Ab response to HIV-1 is induced by 
'viral debris', e.g. uncleaved gp160 or disassembled 
envelope. However, whereas the authors contribute this to 
the phenomenon of 'original antigenic sin', the data 
obtained with the sequential serum samples obtained 
shortly after seroconversion presented here and in a 
previous publication (25) argue against this. We 
demonstrate that the antibody response against the 
'original antigen' recognizes membrane-associated Env 
species and that this response evolves towards 
recognition of soluble Env species (or membrane-
associated Env species that share antigenic determinant 
with soluble Env species). So more likely the antibody 
response against the 'original' functional Env is skewed 
towards a response to non-functional Env as a result of 
antigenic competition caused by an excess of viral debris 
after established infection. This process occurs very 
quickly as strong recognition of the soluble Env becomes 
apparent within weeks post serumconversion. 

To compare antibody responses elicited by 
membrane-associated and soluble Env, we immunized 
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rabbits with these envelope species. Although derived 
from the same env gene, both OG-P I IM and LLSIHI 
preparations elicited qualitatively different Ab responses, 
as illustrated by the difference in rank-order to the non-
membrane associated Envim preparations (NP-PI IM and 
LLSIHI). For example CLB-11-4. which is among high-
ranking binders to NP-P1im, is among the lowest-ranking 
binders to LLSIHI and monomeric recombinant envelope 
species. Additionally, CLB-W61D and CLB-40336, which 
were elicited by immunizing with gp160 of HIV-1 strains 
W61D and IIIB respectively, also reacted more strongly 
with soluble Env species. 

During Env synthesis, the gp160 glycoprotein 
precursor undergoes several maturation steps including 
assembly into a trimer, modification of the carbohydrate 
side chains and cleavage by a cellular furin-type 
proteases (19). The efficiency of this pathway is limited, as 
only a small part gets cleaved into the mature Env 
complex, (gp120-gp41)3 (8, 31, 49), The majority of gp160 
produced is delivered to a lysosomal compartment and 
degraded (4, 49). Considering that our isolation method 
was based on capturing the membrane-associated EnviHi 
(OG-P1IHI), the soluble EnviHi species represented in 
LLSIHI would then, for the majority, constitute the gp160 
species that are recycled via the cytosol and targeted to 
the lysosome, and the gp120 proteins that are shed from 
the membrane due to the experimental manipulations. 
Preliminary analysis of resistance to Endoglycosidase H 
(Endo H) treatment suggested that LLSIHI indeed 
contained relatively more Endo H sensitive Env species, 
which is indicative of more immature Env species (data 
not shown). The OG-P1 IHI contained more Endo H 
resistant species (data not shown). The presence of Endo 
H resistant gp160 in OG-P1 IHI agrees with the finding that 
cleavage is not a prerequisite for surface targeting, as has 
been demonstrated for HIV-1 infected cells (30). 

The presence of the membrane-associated 
uncleaved Env(Hi could explain the inability of OG-P1 IHI to 
elicit a neutralizing Ab response. This is further illustrated 
by the fact that OG-P1 IHI could not select for a broad-
neutralizing Fab, b12, from a phage display library 
(Chapter 3). As the uncleaved oligomer exposes several 
epitopes that are occluded in the cleaved oligomer (10), 
the observed effect of the membrane environment is likely 
an underestimation of the situation in vivo. Alternatively, 
with the recent demonstration that Env spikes on virions 
are heterogeneous (38), the presence of non-functional 
spikes in the OG-P1IHI preparation could have contributed 
to its inability to elicit neutralizing Abs. Finally, the inability 
to elicit neutralizing antibodies could be the result of sub-
optimal immunization conditions. The water-in-oil emulsion 
type adjuvants used in this study have been described to 
influence antigen conformation (46), thus skewing the 
antibody response to the non-functional epitopes. 

The fact that all sera obtained from injection with 
monomeric Env, irrespective of Env origin, are directed to 
the non-membrane associated epitopes to a similar 
degree, implies a major contribution of antibodies to 
common epitopes. As only antibodies capable of binding 
to the epitopes exposed on the limited surface of mature 

oligomeric Env can effectively inhibit HIV-1 infection (34), 
one could argue that these are the only epitopes that 
experience an antibody-mediated selective pressure. The 
other surfaces, not accessible on the mature oligomeric 
Env, thus could expose common motifs that are the result 
of other selective pressures, which display common 
immunogenic epitopes recognized by the sera. The cross-
reactive antibodies are thus mainly directed to the non-
membrane-associated epitopes. This is in accordance 
with the observation that the immune serum from the 
rabbit immunized with membrane-associated Env, poorly 
recognized the soluble Env of the other strains. 

Overall these data suggest that the membrane 
environment markedly changes the antigenic and 
immunogenic properties of Env. We suggest that to direct 
the immune response to the relevant epitopes this should 
be taken into account. Furthermore, infected cells as a 
source of membrane-associated Env and a combination of 
solubilization with a mild detergent (OG) and gel-filtration 
presents a relative easy way of to isolate membrane-
associated Env from Env expressing cells. Improvement 
of both the immunogenicity and the relative content of 
processed Env over unprocessed Env would be desirable 
and would warrant further investigations. 
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CHAPTERS 

HIV-1 entry into cells involves formation of a complex between gp120 of the viral envelope glycoprotein (Env), a 
receptor (CD4) and a coreceptor, typically CCR5. Here we provide evidence that purified gp120jR-FL-CD4-CCR5 
complexes exhibit an epitope recognized by a novel Fab (X5) obtained by selection of a phage display library 
from a seropositive donor with a relatively high broadly neutralizing serum antibody titer against an immobilized 
form of the trimolecular complex. X5 bound with high (nM) affinity to a variety of Envs including primary isolates 
from different clades and Envs with deleted variable loops (V1,2,3). Its binding was significantly increased by 
CD4 and slightly enhanced by CCR5. X5 inhibited infection of peripheral blood mononuclear cells by a selection 
of representative HIV-1 primary isolates from clades A, B, C, D and G with an efficiency comparable to that of the 
broadly neutralizing antibody lgG1 b12. Furthermore X5 inhibited cell fusion mediated by Envs from R5, X4 and 
R5X4 viruses. Of the five broadly cross-reactive HIV-1 neutralizing human monoclonal antibodies known to date, 
X5 is the only one which exhibits increased binding to gp120 complexed with receptors. These findings suggest 
that X5 could be possibly used as entry inhibitor alone or in combination with other antiretroviral drugs for the 
treatment of HIV-1 infected individuals, provide evidence for the existence of conserved receptor-inducible 
gp120 epitopes that can serve as targets for potent broadly cross-reactive neutralizing antibodies in HIV-1-
infected patients, and have important conceptual and practical implications for development of vaccines and 
inhibitors. 

Introduction 
Binding of the HIV-1 envelope glycoprotein 

(Env, gp120-gp41) to CD4 and coreceptors initiates a 
series of conformational changes that are the heart of the 
fusion machinery leading to viral entry (13, 15). The 
elucidation of the nature of the Env conformational 
changes is not only a clue to the mechanism of HIV-1 
entry but may also provide new tools for the development 
of inhibitors and vaccines (9, 27, 38). It has been 
proposed that the interaction of coreceptor molecules with 
the Env-CD4 complex leads to intermediate Env 
conformations that may include structures conserved 
among various HIV-1 isolates that could be used as 
vaccines (14, 21). Currently there are only four well 
characterized monoclonal antibodies with broadly 
neutralizing activity - the anti-gp120 Abs b12 (6) and 
2G12 (43), and the anti-gp41 Abs 2F5 (10) and 4E10/Z13 
(Chapter 7). None of these antibodies recognizes 
receptor-inducible epitopes. The high-affinity binding 
antibody b12. which interacts with the CD4 binding site on 
gp120 and is able to neutralize a variety of primary HIV-1 
isolates, was identified by selection of human phage 
display libraries against gp120 (6). 

We hypothesized that the use of purified Env-
CD4-coreceptor complexes as the selecting antigen for 
human phage display libraries might provide a new 
approach for elucidation of the nature of the intermediate 
Env structures and development of broadly neutralizing 
antibodies. Some of the transient Env conformations on 
the pathway to entry might be associated with such 
complexes and used for selection of human monoclonal 
antibodies which in turn could be helpful for 
characterization of HIV-1 entry intermediates. These 
antibodies could be broadly neutralizing if their epitopes 
include conserved intermediate structures that are 
exposed during entry. In addition, the use of complexed 
coreceptor molecules may prevent selection of antibodies 
against the coreceptor binding site on gp120 that may be 
minimally accessible following attachment of native Env to 
cell surface associated CD4; such antibodies as 17b and 
CG10 are only weakly neutralizing against primary 
isolates (39). Here we report the identification of novel 

human antibody Fab, X5, isolated from a phage display 
library using a trimolecular complex gp120, the receptor 
CD4 and the coreceptor CCR5 as the screening agent. 
The epitope of this antibody is inducible by CD4 and its 
exposure is slightly enhanced by the major HIV-1 
coreceptor CCR5. The antibody potently neutralizes R5. 
X4 and R5X4 viruses including primary isolates from 
different clades. 

Materials & Methods 

Cells, viruses, plasmids, soluble CD4 (sCD4), gp120, gp140 and 
monoclonal antibodies (mAbs). 3T3 cells expressing CD4 and CCR5 
were a gift from D. Littman (New York University. New York. NY). Cf2Th 
cells expressing high concentrations of CCR5 were a gift from J. 
Sodroski (Dana Farber Institute, Boston, MA); the parental cells were 
purchased from ATCC and used as a negative control. The stable cell 
line TF228 expressing LAI Env was a gift from Z. Jonak (SmithKline 
Beechan Pharmaceuticals, Philadelphia, PA) through R. Blumenthal 
(NCI-Frederick, Frederick, MD). The CEM cells expressing CCR5 (CEM-
CCR5) were a gift from J. Moore (Cornell University, New York, NY). The 
T-cell line H9 was obtained from the MRC AIDS Reagent Project. 
Peripheral blood mononuclear cells (PBMCs) were isolated and pooled 
from three wild-type CCR5 donors. All HIV isolates were also obtained 
from the NIH AIDS Research and Reference Reagent Program (ARRP). 
Recombinant vaccinia viruses used for the reporter gene fusion assay 
were described previously (29). Plasmids used for expression of vanous 
Envs were obtained through the ARRP from B. Hahn (University of 
Alabama). Two-domain soluble CD4 (sCD4) was obtained from the 
ARRP. Purified gp120s9s and gp140sa« were produced by recombinant 
vaccinia virus (gift of R. Doms. University of Pennsylvania. Philadelphia. 
PA) with a combination of lentil lectin affinity chromatography and size 
exclusion chromatography. Recombinant gp140 from the primary 
isolates 92UG037.8. 92HT593.1. 93MW965.26 and 93ZR001.3, and 
gp120 from 93ZR001 3 were prepared similarly using clones obtained 
from the ARRP. Recombinant gp12Q.jR.si was a gift from A. Schultz and 
N. Miller (NIAID. Bethesda, MD). The single chain fusion protein 
gp120BarCD4 (17) was a gift from T. Fouts (Institute of Human Virology. 
Baltimore, MD). gp120jsa and gp140.iR.r-,. with deleted variable loops 
and the disulfide bond stabilized 140W were previously described (4, 
34). The anti-gp120 mAbs 17b and 48d were previously derived by a 
method descnbed in (32) and charactenzed in (40); 23e and 21c are 
newly derived and characterized (47). The anti-gp120-CD4 complex 
specific mAb CG10 was previously described (18). Various other anti-
gp120 mAbs were previously described; 19b (28); F91, A32, G3-136. 
G3-519 (26). b12 (6): 2G12 (43). The mAb MAG45 was a gift from C-Y 
Kang (IDEC Pharmaceuticals) The anti-CCR5 mAb 5C7 was a gift from 
L. Wu (Millenium Pharmaceuticals. Cambridge, MA). 
Production, purification and quantification of gp120-CD4-CCR5 
complexes. Purified complexes between gp120. CD4 and CCR5 were 

52 

http://gp12Q.jR.si
http://gp140.iR.r


CHAPTER 5 

produced by a methodology described previously (481 but modified to 
allow production of larger amounts NIH 3T3 transfectants (10s in 100 ml) 
expressing high levels of CD4 and CCR5 were washed twice with cold 
(4t'C) phosphate-buffered saline (PBS) then pelleted by centrifugation 
and resuspended in 100 ml lysis buffer (1% Brij97. 5 mfv! lodoacetamide, 
added immediately before use, 150 mM NaCI, 20 mM Tris (pH 8.2), 20 
mM EDTA, and protease inhibitors) at 4"C for 40 mm with gentle mixing. 
The nuclei were pelleted by centrifugation at 4°C. The anti-CCR5 
antibody 5C7 at 2 ug/ml and protein G-Sepharose beads (Sigma, St. 
Louis, MO) (1 ml) prewashed with PBS were added to the cell 
suspension and incubated at 4°C for 14 hours. The beads were then 
washed five times with 100 ml of ice cold lysis buffer and incubated with 
gp120jB.Fi. at 5 ug'ml in 20 ml lysis buffer for 1 hour at 4°C. They were 
again washed five times with 100 ml cold lysis buffer, once with cold 
PBS, incubated with 0.2% formaldehyde overnight, and finally washed 
twice with cold lysis buffer. They contained approximately 10 ug CD4,10 
ug CCR5 and 20 ug gp120 as quantified by calibrating amounts of 
soluble CD4, detergent solubilized CCR5 (dsCCR5) and gp120. For 
quantification of CD4 and gp120. two duplicate samples each containing 
0.1% of the total amount of bead-associated gp120-CD4-CCR5 
complexes were used. They were eluted by adding 4X sample buffer for 
SDS-PAGE gel. kept overnight at 37°C and run on a 10% SDS-PAGE 
gel simultaneously with calibrating amounts (1, 3, 10, 30. 100 ng) of 
soluble four-domain CD4 or gp120. Quantification of CCR5 was 
performed similarly but the calibrating amounts of dsCCR5 were 
themselves pre-calibrated with a 38 amino acid residue N-terminal CCR5 
peptide by using rabbit polyclonal anti-CCR5 antibodies against this 
peptide provided by H. Golding (FDA, Bethesda, MD). The samples were 
eiectrophoretically transferred to nitrocellulose membranes. The 
membranes were blocked with 20 mM Tns-HCI (pH 7.6) buffer containing 
140 mM NaCI, 0.1% Tween-20 and 5% nonfat powdered milk. For 
Western blotting these membranes were incubated with anti-CD4, anti-
gp120 or anti-CCR5 antibodies, then washed, incubated with 
horseradish peroxidase (HRP)-conjugated secondary antibodies and 
developed by using the supersignal chemiluminescent substrate from 
Pierce (Rockford, IL), The images were acquired by a BioRad 
phosphoimager (BioRad, Hercules, CA) The signal from the calibrating 
molecules was integrated for each band and plotted on a calibration 
curve for the signal vs amount dependence. The amounts of CD4. CCR5 
and gp120 were then calculated by interpolation using calibration curves. 
DsCCR5 was produced by a methodology described previously (23). 
Phage display library screening. A phage library (IgGlK) from a 
seropositive individual with a relatively high cross clade neutralizing titer 
(FDA2) (31,44) was used. Phage (50 ul) were preadsorbed on protein G 
beads in PBS for 1 h at 37°C. Unbound phage were recovered by 
centrifugation at 4°C and then incubated with protein G beads 
associated with gp120-CD4-CCR5 complexes for 2 hours at 4"C under 
gentle agitation. Beads were washed 10 times with PBS containing 0.5% 
Tween. Phage were eluted from the beads by incubation with 50 pi 0 1M 
HCI-glycine (pH 2.2) solution containing BSA at 1 mg/ml for 10 min at 
room temperature. The solution was neutralized with 3 pi of 2M TRIS-
base. XLI-Blue E. coli cells were reinfected and panning repeated for 
total of 5 rounds (1). 

Preparation of soluble Fab fragments. Phagemid DNA was isolated 
from the panned library and digested with Spe I and Nhe I to remove the 
gene III fragment and self-religated as described elsewhere (2), The 
Agene lll-phagemid library was used to transform XL1-Blue £ coli. 60 
individual clones were grown up. The corresponding Fabs were obtained 
by lysing the cell pellet. Cells were frozen in a dry ice-ethanol bath for 5 
min followed by thawing in a 37°C water bath. This process was 
repeated four times and the cell debris was pelleted by centrifugation at 
15.000 rpm for 15 minutes at 4°C. Soluble Fabs were produced as 
described (1) Protein G columns were used for purification 
ELISA analysis of Fab supernatants. ELISA wells were coated 
overnight at 4°C with 50 pi of gp120 (10 pg/ml in PBS), blocked in 100 pi 
of 3% BSA/PBS for 1 hour at 20°C. After 5 washes with 0.05% 
Tween20'PBS washing buffer (WB), wells were incubated with 50 pi Fab 
supernatants for 1 hour at 20°C. After 10 washes with WB, 50 pi of a 
1:1000 dilution of alkaline phosphatase-conjugated goat anti-human IgG 
F(ab'); was added and incubated for 1 hour at 20°C. Following 10 
washes with WB, the assay was developed at 20'C for 30 minutes with 
p-nitrophenyl phosphate substrate (Sigma) and monitored at 405 nm. 
Positive clones showed absorbance values >1. The CDR3 region of the 
heavy chains from positive clones were sequenced using the SeaGz 
pnmer (5'-GAAGTAGTCCTTGACCAG-3') 

ELISA binding assays. The ELISA D7324 capture assay was described 
previously (3). The amount of captured gp120s and gp140s was 
evaluated by using immunoglobulin from HIV-infected patients (HIVIG). 
The amount of bound X5 was detected by Fab-specific alkaline 
phosphatase con]ugate (Accurate Antibodies Inc.); IgG Fc of the bound 
antibodies was detected with goat anti-mouse or anti-human IgG Fc 
alkaline phosphatase conjugate and quantitated by a colorimetric assay 
which measures the optical density at 490 nm (OD490 nm) In another 
ELISA assay gp120(gp140) or sCD4-gp120(gp140) were coated directly 
on 96-well Nunc-lmmunoTM MaxisorpTM surface plates (Nalge Nunc 
International, Denmark) by incubation of 0.1 ml solution containing 100 
ng of the protein at 4°C overnight. Plates were treated with 4% non-fat 
milk (Biorad) to prevent nonspecific binding, then washed with TBS (50 
mM Tris-HCL pH7.5, 150 mM NaCI) containing 0.1% Tween-20. 
DsCCR5 was diluted in cymal lysis buffer (1% Cymal-5, 100 mM 
(NH^SG), 20 mM Tris, 10% glycerol) to 1 pg/ml and incubated at 4>C 
overnight. Unbound molecules of dsCCR5 were washed and X5 was 
added. Bound X5 or biotinylated X5 was detected by anti-human F(ab'):-
HRP or streptavidin-HRP, respectively, and quantitated by a colorimetric 
assay which measures the optical density at 405 nm (OD 405 nm). 
Biotinylated X5 was prepared by Incubation with 2 mM biotin (prepared 
from solid NHS-LS-Biotin (Pierce. CA) dissolved at 200 mM in DMSO as 
stock solution) on wet ice for 1 h. The biotinylation was quenched with 20 
mM glycine on ice for 15 min. 
Flow cytometry assay. The flow cytometry measurements were 
performed with FACSCalibur (Becton Dickinson. San Jose. CA) using a 
CellQuest sofware™ and the mean fluorescence intensity from the 
acquisition of 10,000 gated events from cells with antibodies bound to 
cell surface associated Env was used as a measure of binding. 
Cell-cell fusion assays. The (3-gal reporter gene cell-cell fusion assay 
was previously described (29). Fusion induced by sCD4 (33) was 
performed by incubation of 105 293 cells expressing Env with sCD4 (1 
j.tg/ml) at 37°C for 30 min before mixing with 105 293 cells expressing 
CXCR4 or CCR5 (after infection with recombinant vaccinia viruses) for 2 
h at 37°C. The inhibitory effect of X5 was evaluated by mixing the 
effector cells with X5 for 30 min at 37°C and then performing the fusion 
assay. It was quantified by a colorimetnc assay that measures the optical 
density at 595 nm(OD 595). 

HIV neutralization assays. The PBMC-based neutralization assay was 
performed essentially as previously described (42). Briefly, serial two-fold 
dilutions of Abs in 50 ul were incubated with an equal volume of virus 
containing 100 TCIDw for 1 h at 37°C and added to 100 ul of PHA-
activated PBMC (5x10s/ml). The calculated neutralization titers refer to 
the Ab concentration present during this incubation step. After overnight 
incubation, the cells were washed twice with tissue culture medium. On 
day 4, 100 ul of medium was replaced with fresh tissue culture medium. 
Triplicate samples were taken on days 4 and 7. treated with 1% Empigen 
(Calbiochem) and tested for p24 Ag content using an in-house ELISA, as 
previously described (25). When the values for the p24 concentration at 
the day 7 were saturated, data for day 4 were used for analysis. The 
pseudotype virus neutralization assay was performed in triplicate by 
using infection with a luciferase reporter HIV-1 Env pseudotyping system 
as previously described (11). 

Results 

Selection of a phage Fab (X5) with high affinity for 
gp120-CD4-CCR5 complexes 
An anti-CCR5 mAb was used for preparation of the 
gp120-CD4-CCR5 complexes to allow only those CD4 
molecules constitutively associated with CCR5 (48) to 
bind gp120 thus ensuring the interaction of most of the 
gp120 molecules with CCR5. The specific interaction of 
detergent solubilized CCR5 (dsCCR5) with gp120 in the 
trimolecular gp120-CD4-CCR5 complex was also tested 
by an experiment where gp120 displaced RANTES bound 
to dsCCR5 (Xiao and Dimitrov, unpublished). For panning 
we used complexes containing about 10 ug CD4, 10 ug. 
dsCCR5 and 20 ug gp120jp.-R. corresponding to molar 
ratios of 1:1:1. After 5 rounds of panning one phage Fab 
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Figure 5 .1 : Binding isotherms of X5 to gp120 and 
gp120-sCD4. Gp120 and gp120-sCD4 complexes were 
coated directly on 96-well plates, washed and X5 was 
added at the indicated concentrations. Bound X5 was 
detected by anti-human F(ab') rHRP and represented as 
optical density at 405 nm. The background was estimated 
by the amount of X5 bound to BSA and subtracted. The 
data were fitted to the Langmuir adsorption isotherm 
(B/Bma,=X5/(Kri+X5), where B is the amount of bound X5, 
Bma> is the maximal amount of bound X5, X5 is its bulk 
concenlration and K,, is the equilibrium dissociation 
constant). The continuous lines represent fitting of the data 
for X5 binding to gp120 (data represented by empty 
squares (JR-FL) and diamonds (89.6)) and sCD4-gp120 
(data represented by solid symbols). 

of this Fab was unique - it was not identified previously 
either in the laboratory (DRB) or reported in the Genbank 
database. Phage-displayed X5 exhibited binding activity to 
protein G cross-linked to Sepharose beads with an 
apparent affinity (equilibrium dissociation constant) of 1.4 
nM which was 15-fold lower than the affinity for gp120jR-
FL-SCD4 complexes (0.09 nM). 

Binding of X5 to gp120 and gp140 from different 
isolates that is significantly increased by CD4 and 
slightly enhanced by dsCCR5 
X5 bound gp120 from the primary isolate 89.6 with an 
affinity (equilibrium dissociation constant) of 9.4 nM which 
was increased 10-fold to 1 nM after binding of sCD4 to 
gp120 as measured by an ELISA assay (Fig. 5.1). 
Similarly, the affinity of X5 binding to gp120jR-FL was 
increased from 10 nM to 2 nM after addition of sCD4 (Fig. 
5.1). Binding of X5 to gp120 from the dual tropic primary 
isolate 93ZR001.3 (Clade D) and gp120nxB2 was also 
increased significantly by CD4 (not shown). X5 also bound 
a single chain fusion protein, where gp120eai and CD4 are 
intramolecularly associated (17), at a level similar to that 
for the sCD4-gp120jR-FL complex (not shown). 

X5 bound a cleaved disulfide bond stabilized 
gp140HXB2 (4), and the binding was increased by sCD4 
(Fig. 5.2). Binding of X5 to gp140s9 6 and its complex with 
sCD4 was somewhat lower but comparable to the binding 
to gp12089.6 and sCD4-gp120e96. Recombinant gp140 
from primary isolates from different clades (92UG037.8. 
Clade A, R5; 92HT593.1, Clade B, R5X4; 93MW965.26, 
Clade C, R5: 93ZR001.3, Clade D, R5X4) complexed with 

sCD4 bound X5 (not shown). The binding was at levels 
similar or lower than to 89.6 gp140 complexed with sCD4; 
for two isolates (92UG037.8 and 92HT593.1) binding to 
gp140 in the absence of sCD4 was significantly lower than 
to gp140a96. X5 also bound gp120 with deleted V3 loop, 
and gp140 with deleted V1 and V2 or V1, V2 and V3 loops 
(34) in a CD4-dependent manner (Fig. 5.2). 

The amount of bound X5 to gp120jR-FL-sCD4 
complexes and to single chain gp120Ba.-CD4 molecules 
was slightly (on average 1.3-fold) enhanced in presence of 
dsCCR5 (not shown). Although small this increase was 
statistically significant (p=0.005 as calculated by a t-test); 
to ensure that the enhancement was not due to artifacts 
and was reproducible, this experiment was performed six 
times during a three month period using different aliquots 
of dsCCR5 either freshly prepared or stored for up to one 
week. In addition, the native conformation of dsCCR5 was 
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Figure 5.2: Binding of X5 to gp140(120)s lacking 
variable loops and disulf ide bond stabilized gp140. Wild 
type gp120jR.FL. gp120 with deleted V3 loop (gp120JR. 
FLAV3), and gp140 with deleted V1 and V2 loops (gp140JR. 
F_AV1V2') or deleted V 1 . V2 and V3 loops (gp140 jR 

C.AV1V2*V3) (34). as well as cleaved disulfide bond 
stabilized gp140„XB (SOS gp140H»2) (4) were captured by 
the antibody D7324 to 96-well plates and X5 added at the 
indicated concentrations in the absence (A) or presence (B) 
of sCD4 (2 ug/ml). The amount of bound X5 was detected 
by Fab-specific alkaline phosphatase conjugate and 
represented as optical density at 490 nm. 
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Figure 5.3: Binding of X5, Fab b12 and 17b to cell 
surface-associated ol igomeric gp120-gp41. The T-cell 
line H9 was infected with the TCLA X4 HIV-1M*I isolate for 
10 days. At this time post-infection there was no detectable 
CD4 remaining at the cell surface, no syncytium formation 
in the culture, but strong Env expression detected using 
gp120-specific mAbs and flow cytometry. These H9 cells 
were preincubated with sCD4 (20 pg/ml) or buffer alone for 
1h at 20°C, then incubated with Fab X5, 17b or Fab b12 at 
the indicated concentrations. The amount of bound 
antibodies was measured by flow cytometry and 
represented in arbitrary units. The continuous lines 
represent fitting of the binding data by using the Langmuir 
adsorption isotherm as described in the legend of Fig, 6.1. 

tested by using the conformationally dependent anti-CCR5 
mAb 2D7 and sCD4-gp120 complexes which bound 
specifically to dsCCR5 (not shown, and previously 
reported (23)). Finally, in another set of experiments the 
enhancing effect of dsCCR5 was partially reversed by 
adding RANTES or MIP-1p (not shown). The results of 
these control experiments suggested that the 
enhancement of the X5 epitope by dsCCR5 was specific 
and reproducible. X5 did not bind denatured gp120s96 
suggesting discontinuity of its epitope. Therefore, X5 binds 
to a conserved conformational gp120 epitope that is 
significantly affected by CD4 and slightly by CCR5 but 
differs from their binding sites. 

X5 binding to cell surface-associated oligomeric Env 
X5 bound oligomeric, fusion-active gp120-gp4lMN 
expressed at the surface of HIV-1 MN infected H9 cells (Fig. 
5.3). For this experimental system, the X5 affinity (2.7 nM) 
in the presence of sCD4 (20 was comparable to that of 
the CD4bs-specific mAb Fab b12 (1,7 nM) in the absence 
of sCD4 and significantly higher than the affinity of 17b 
which was previously reported to exhibit an increased 
affinity to the gp120-CD4 complex (41). These results 
suggest that the X5 epitope is exhibited on native Env 
structures. 

120 i 
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X5 competition with known antibodies to gp120 
To further characterize the X5 epitope we measured X5 
competition with anti-gp120 mAbs in the presence or 
absence of sCD4. The major results are (Table 5.1): i) X5 
competed to varying degrees with the antibodies 17b, 
CG10, 48d, 23e and 21c which bind CD4-inducible 
epitopes, ii) X5 binding to gp120 was enhanced by the 
A32 mAb which binds a CD4-inducible epitope; in turn X5 
binding enhanced the exposure of the A32 epitope (not 
shown), iii) X5 competed to some extent with mAbs to the 
CD4 binding site such as lgG1b12 and F91. iv) X5 did not 
compete with mAbs against other regions of gp120 
including the V3 (19b) and V2 (G3-519) loops, C1 
(MAG45, C11), C3A/4 (2G12), C4 (G3-136) and C5 (C11). 
v) The competition pattern was not significantly dependent 
of the Env used at least for the Envs from the two isolates 
investigated in detail (89.6 and JR-FL). These results 
suggest that the X5 epitope is likely located in close 
proximity to the coreceptor and CD4 binding sites. 

Inhibition of HIV-1 infection and Env-mediated cell 
fusion 
To determine the breadth and potency of HIV-1 
neutralization by X5 we measured its ability to inhibit 
infection of PBMCs by primary isolates from different 
clades in comparison with the potent broadly neutralizing 

mAb 

17b 
17b 
CG10 
CG10 
A32 
A32 
48d 
23e 
21c 
F91 
lgG1b12 
19b 
G3-136 
MAG45 
C11 
2G12 
G3-519 
X5 

Epitope 

CD4i 
CD4i 
CD4i 
CD4i 
CD4i(C1-C4) 
CD4i(C1-C4) 
CD4i 
CD4i 
CD4i 
CD4bs 
CD4bs 
V3 
V2 
C1 
C1-C5 
C3/V4 
C4 
CD4i 

Env 

89.6 
JR-FL 
89.6 
JR-FL 
89.6 
JR-FL 
89.6 
89.6 
89.6 
JR-FL 
JR-FL 
JR-FL 
JR-FL 
JR-FL 
JR-FL 
JR-FL 
JR-FL 
89.6 

Competition 
- sCD4 

+ 
+ 
0 
0 

... 
--
+ 
+ 
+ 
+ 
+ 
0 
0 
0 
0 
0 
0 

sCD4 

++ 
++ 
++ 

+++ 

-
-.-
+ 
+ 
+ 

NA 
NA 
0 
0 
0 
0 
0 
0 

Table 5.1: Competi t ion of anti-gp120 mAbs wi th 
X5 for gp120jR.FL and gp120896. 'gp120JR.cL was 
captured by the anti-gp120 Ab D7324, incubated 
with X5 (5 ug/ml) and various antibodies at 
different concentrations in absence or presence of 
sCD4 (2 ug/ml), and IgG Fc of the bound 
antibodies was detected with goat anti-mouse or 
anti-human IgG Fc alkaline phosphatase 
conjugate. Gp120 3 M was directly coated on 96-
well plates, incubated with biotinylated X5 (0.5 
ug/ml) and various antibodies, and the amount of 
bound X5 was detected by using streptavidin-HRP. 
Here + denotes some competition, ++ significant 
competition and +++ complete displacement; 
similarly - denotes various degrees of 
enhancement; 0 denotes lack of measurable 
effects and na - not applicable. 

55 



CHAPTER 5 

Table 5.2: Neutralization of HIV infections of PBMCs by X5 and b12. 

FabX5 
lgG1 b12 
(Fabb12) 

FabX5 

Isolate Clade 

lgG1 b12 
(Fabb12) 

FabX5 

IC;.o ug/ml IC50 ug/ml IC iCViïii IC,, ug/ml 

lgG1 b12 
(Fabb12) 

RW009 
MN 
JR-FL 
JR-CSF 
SF2 
SF162 
Bal 
BR025 
UG024 
BR029 
RU570 
G3 

11 

35 
14 
4.2 
6.4 
8.7 
3.7 

0.29 
42 
6.5 
125 
10 

>200 
0.033 
0.017 

4.3 
2.8 
2.0 
4.2 
15 

31 (69) 
27 
4.4 
15 

56 
96 
57 
21 
29 
16 

20 
22 
•35 

77 
230 
32 

>200 
0.42 
3.4 
6.7 
25 
4.1 
23 

>200 
60 (560) 

>200 
9.6 
61 

1.3 
2.2 
1 6 
1.4 
1.4 
3.7 
1.3 

0.51 
5 

0.89 
3.7 
1.9 

0.47 
0.86 
0.41 
5.0 
1 

3 0 
1.3 

0.39 
3.3(1) 
0.34 
2.8 
1.6 

Serial 2-fold dilutions of X5, lgG1 b12 or Fab b12 (results shown in parentheses) in 50 \i\ were incubated with an equal 
volume of virus containing 100 TCID50 for 1 h at 37°C and added to 5x105/ml PHA-stimulated PBMCs in 100 ui of medium. 
The calculated neutralization titers refer to the Ab concentration present during this incubation step. After overnight 
incubation, the cells were washed twice with medium, triplicate samples were taken and p24 concentration measured using 
an in-house ELISA, as previously described (25). The data were fitted with a Hill-type function l=Kn/(K" + CAbn). where I is 
the extent of infection defined as the p24 concentration in presence of Ab of concentration C divided by the p24 
concentration in the absence of Ab, K is 50% inhibitory concentration (IC50) and n is parameter of fitting. IC9owas calculated 
from this formula as 9|1""K. 

antibody b12 (Table 5.2). X5 neutralized all tested primary 
isolates with a potency that was generally comparable to 
or in some cases better than lgG1 b12. The potency was 
particularly noteworthy given that X5 was assessed as an 
Fab fragment; its potency may improve as a whole lgG1 
molecule. This molecule is currently being generated. X5 
was also able to neutralize several representative R5 (JR-
FL and Bal), X4 (NL4-3) and X4R5 (89.6) viruses at IC50 in 
the range of 0.1 to 10 ug/ml in another assay based on a 
luciferase reporter HIV-1 Env pseudotyping system (not 
shown). 

X5 inhibited cell-cell fusion mediated by Envs of 
primary isolates from different clades with a potency 
comparable to that of IgG b12 as measured by a reporter 
gene assay (Table 5.3). X5 almost completely inhibited 
sCD4-induced fusion mediated by Envs from NL4-3, 

Table 5.3: Inhibit ion of cell-cell fusion by X5 and b12. 
Env Clade Fab X5 lgG1 b12 

UG037.8 
RW020.5 
US715.6 
HT593.1 
US005.11 
89.6 
BR025.9 
ZR001.3 
TH022.4 
BR029.2 
BR019.4 
UG975.10 

A 
A 
B 
B 
B 
B 
C 
D 

EA 
F 

FB 
G 

29 
56 
35 
20 
24 
100 
62 
44 

42 
62 
25 

24 
58 
28 
39 
47 
100 
22 
39 
34 
24 
63 
41 

10s 293 cells, transfected with plasmids encoding various 
HIV Envs under the control of T7 promoter and infected 
with recombinant vaccinia virus encoding T7 polymerase 
gene, were preincubated with X5 or IgG b12 at 100 ug/ml 
for 30 min at 37"C, and then mixed with 105 CEM-CCR5 
cells infected with recombinant vaccinia virus encoding |S-
galactosidase gene. The extent of cell fusion was quantified 
colorimetrically 2 hours after mixing the cells. The data are 
averages of duplicate samples and presented as % of 
fusion inhihitinn 

HXB2, 89.6, JR-FL, ADA, Bal and SF162 at very low (100 
ng/ml) concentrations: inhibition of fusion mediated by X4 
Envs was less efficient (71 to 83 % inhibition) compared to 
inhibition of R5 Env-mediated fusion (96 to 100%) (not 
shown). These results suggest that X5 is a potent broadly 
HIV-1 neutralizing antibody. 

Discussion 
The major result of this study is the identification of a 
novel human monoclonal antibody Fab, X5, which binds to 
a conserved epitope on gp120 induced by CD4 that is 
different from the coreceptor binding site and is slightly 
enhanced by CCR5 binding. X5 neutralizes a broad range 
of HIV-1 isolates. To our knowledge this is the first report 
of an antibody selected for binding to purified gp120-CD4-
coreceptor complexes; compared to the four known potent 
broadly neutralizing antibodies (b12, 2F5, 2G12 and 
4E10/Z13) it is the only one against a receptor inducible 
epitope. The use of a coreceptor complexed with gp120-
CD4 allowed for selection of an antibody to an epitope that 
differs from the coreceptor binding site and is somewhat 
more exposed after CCR5 binding. Interestingly an Fab 
almost identical to X5 was also selected by panning the 
FDA2 library against proteoliposomes (24) associated with 
gp160vu2 suggesting that the X5 epitope can become 
available in differing environments. The characterization of 
epitopes such as that of X5 may provide valuable 
information for the nature of the initial conformational 
changes of the Env required for its fusogenic activity. 

It has been previously demonstrated that 
binding of CD4 to the Env induces conformational 
changes as measured by the increased binding of 
antibodies to the V3 loop of gp120 and its enhanced 
cleavage by an exogenous protease (36). Subsequent 
studies, including the solution of the crystal structure of a 
trimolecular CD4-gp120-17b complex, provided a wealth 
of information about the gp120 conformation in presence 
of CD4 (20, 30). However, the conformational changes 
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induced by coreceptors, which are most likely responsible 
for driving the fusion process to completion are less well 
characterized. It was proposed that the interactions of the 
coreceptors with Env and possibly with CD4 may help in 
the relocation of the fusion peptide from the interior of 
gp41 to a position close to the surface of the host 
membrane (14). The existence of major conformational 
changes specifically induced by coreceptor interactions 
with the Env-CD4 complex was demonstrated by using 
fluorescent dyes as indicators of exposure of hydrophobic 
regions of the Env or membrane destabilization (12. 19). 
Models of fusion intermediate states containing coiled 
coils derived from gp41 sequences have also been 
proposed and experimental evidence provided for their 
existence (5, 7-9, 22, 37, 45, 46). However, the nature of 
the conformational changes leading to these intermediate 
structures remains unclear. The new antibody identifies an 
epitope which may play a role in the coupling of the gp120 
conformational changes to those in gp41. One can 
speculate that the X5 binding to the CD4-gp120-CCR5 
complex interferes with those conformational changes in 
gp120 that are required to transduce an activation signal 
for gp41 to undergo the major conformational changes 
leading to fusion. 

The X5 epitope is conserved and partially 
overlaps the epitope of the antibody 17b which binds a 
CD4 inducible epitope that partially overlaps the 
coreceptor binding site on gp120. 17b neutralizes weakly 
TCLA HIV-1 and does not neutralize primary isolates (30). 
The X5 epitope is significantly different in that it is outside 
the CCR5 binding site. Its precise localization is currently 
under investigation but it is likely located at close proximity 
to the coreceptor and CD4 binding sites as also indicated 
by the X5 competition with b12 which binds to the CD4 
binding site on gp120. X5 binds with higher affinity to 
gp120 than 17b and neutralizes various HIV-1 including 
primary isolates with potency comparable to that of lgG1 
b12. The crystal structure of gp120 complexed with CD4 
and the Fab 17b reveals an orientation of the 17b epitope 
toward the target cell membrane (35). It was also shown 
recently that access to the CD4-induced coreceptor-
binding domain on gp120 is largely blocked at the fusing 
cell membranes and is unlikely to represent a target for 
neutralizing antibodies (16). Thus one might speculate 
that the X5 epitope is oriented differently than the 17b 
epitope and the coreceptor binding site, and it is easier to 
access in agreement with its potent HIV neutralizing 
activity. The precise mechanism of HIV-1 inhibition by X5 
is likely to involve blocking of post-CD4-coreceptor binding 
events and is currently under investigation. 

The identification of X5 also shows that 
antibodies against conserved epitopes whose exposure is 
enhanced by interaction with receptor and coreceptor 
molecules may exist in infected individuals. Importantly, 
the results imply that certain epitopes, distinct from the 
coreceptor binding site, can be recognized by the immune 
system and elicit broadly HIV-1 neutralizing antibodies. 
This result may have important conceptual consequences 
for development of vaccines able to induce broadly cross-
reactive antibodies. In addition. X5 could be possibly used 

as entry inhibitor alone or in combination with other 
antiretroviral drugs for the treatment of HIV-1 infected 
individuals. 
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CHAPTER 6 

Anti-HIV-1 antibodies whose binding to gp120 is enhanced by CD4 binding (CD4i antibodies) are generally 
considered non-neutralizing for primary HIV-1 isolates. However, a novel CD4i-specific Fab fragment, X5, has 
recently been found to neutralize a wide range of primary isolates. To investigate the precise nature of the 
extraordinary neutralizing ability of Fab X5, we tested different forms (IgG, Fab and single-chain Fv) of X5 and 
other CD4i monoclonal antibodies for their ability to neutralize a range of primary HIV-1 isolates. Our results 
show that, for a number of viruses, the size of the neutralizing agent is inversely correlated with its ability to 
neutralize. Thus, the poor ability of CD4i-specific antibodies to neutralize primary isolates is due, at least in part, 
to steric factors that limit antibody access to the gp120 epitopes. Studies using temperature-regulated 
neutralization or fusion-arrested intermediates suggest that the steric effects are important in limiting the 
binding of IgG to the viral envelope glycoproteins after HIV-1 has engaged CD4 on the target cell membrane. The 
results identify hurdles in employing the CD4i epitopes as targets for antibody-mediated neutralization in 
vaccine design, but indicate that the CD4i regions could be efficiently targeted by small molecule entry 
inhibitors. 

Introduction 
Human immunodeficiency virus type 1 (HIV-1) 

entry into host-cells is initiated by the binding of the gp120 
subunit of the viral envelope glycoprotein (Env) complex to 
the host-cell receptor (CD4) (8. 20). This interaction 
induces conformational changes in gp120 resulting in the 
exposure of a conserved high-affinity binding site for the 
co-receptor (the chemokine receptors CCR5 or CXCR4) 
(46, 47, 54, 56, 59). A second obligatory binding-step 
between the gp120-CD4 complex and the coreceptor then 
is thought to induce additional conformational changes 
that ultimately result in the fusion of viral and host-cell 
membranes (9.18). 

Neutralizing antibodies (Abs) are believed to act, 
at least in part, by binding to the exposed Env surface and 
obstructing the initial interaction between a trimeric array 
of gp120 molecules on the virion surface and receptor 
molecules on the target cell (37, 57). In response, HIV-1 
has evolved a number of strategies to evade recognition 
by neutralizing antibodies, particularly those directed to 
the conserved CD4 and coreceptor binding sites of Env. 
The extent of protection of these sites from Ab recognition 
is limited by the necessity to preserve the accessibility for 
receptor interaction. In the case of the CD4bs this has led 
to the following structural features: 1) it is partially 
obscured from antibody recognition by the V1/V2 loop and 
associated carbohydrate structures, 2) the flanking 
residues are variable and modified by glycosylation, 3) it is 
recessed to an extent that limits direct access by an 
antibody variable region, 4) clusters of residues within the 
CD4bs that do not directly interact with CD4 are subject to 
variation among virus strains, 5) many gp120 residues 
interact with CD4 via main-chain atoms, allowing for 
variability in the corresponding amino acid side chains 
(26), and 6) there is considerable conformational flexibility 
within the CD4-unbound state of gp120 and antibody 
binding therefore requires relatively large entropie 
decreases, thus 'conformationally masking' the conserved 
CD4bs (23, 33). 

The coreceptor binding site on gp120 is thought 
to be composed of a highly conserved element on the [319 
strand and parts of the V3 loop (41, 42, 61). These 
elements are masked by the V1/V2 variable loops in the 
CD4-unbound state (55, 59). Upon CD4 binding, 
conformational changes are induced, which include 

displacement of the V1/V2 stem-loop structure and 
consequent exposure of the coreceptor binding site (31, 
47.60). Binding studies with variable loop-deleted mutants 
suggest that CD4 induces additional rearrangement or 
stabilization of the gp120 bridging sheet near the (319 
strand to form the final coreceptor-binding surface (59). As 
the binding to CD4 occurs at the virusxell interface, the 
exposed coreceptor binding site is optimally positioned for 
interaction with the coreceptor. 

A highly conserved discontinuous structure on 
gp120 is recognized by monoclonal (m)Abs that bind 
better to gp120 upon ligation with CD4. These so-called 
CD4-induced (CD4i) antibodies, such as 17b and 48d (54, 
60), recognize a cluster of gp120 epitopes that are 
centered on the P19 strand and partially overlap the 
coreceptor binding site (41, 42, 55, 59). Although such 
CD4i mAbs can neutralize some T cell line-adapted 
(TCLA) HIV-1 strains, they are generally poorly 
neutralizing for primary isolates (40). However, we 
recently reported the isolation of an antibody Fab 
fragment, X5, from a phage display library, that is directed 
to a CD4i epitope and does neutralize a wide variety of 
primary isolates (32). Here we investigated the differences 
between Fab X5 and other CD4i mAbs at a molecular 
level. We provide evidence that size is the determining 
factor for the inability of CD4i mAbs to neutralize many 
primary HIV-1 isolates. 

Material and methods 

Materials. The following materials were obtained from the National 
Institute of Health AIDS Research and Reference Reagent Program 
(ARRRP): molecular clones of HIV-1 89.6. HxB2, JR-FL. JR-CSF, ADA; 
sCD4 (amino acids 1-370: contributed by N. Schuelke), recombinant 
gp120jsa and CD4-lgG2 (kindly provided by Paul Maddon and William 
Olson: Progenies. Tarrytown. New York). 

Construction and purification of lgG1 X5. Fab X5 was isolated from a 
phage display library constructed from the bone marrow of an HIV-1 
seropositive donor as described previously (32). The DNA fragments 
encoding the heavy chain (Fd fragment) and light chain of X5 were 
transferred from the pComb3H phagemid vector (1) to the pDR12 
mammalian expression vector (4) and transfected into Chinese hamster 
ovary (CHO) cells using FuGENE6 transfection reagent (Roche 
Indianapolis. Indiana). Stable transfected clones were selected under 
methionine sulfoximine (MSX; Sigma, St. Louis, Missouri) amplification 
The clone with the highest production of lgG1 X5. as determined by 
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ELISA using cell culture supernatant, was chosen for scale-up in the 
CellCube system (Corning, NY) and purified by affinity chromatography 
with protein A (Pharmacia. Uppsala, Sweden) Purified lgG1 X5 was 
concentrated and dialyzed against PBS. Purity was determined by SDS-
PAGE and the concentration was measured by ASM. 

Production and purification of antibody fragments Antibody Fab 
fragments were produced by papain digest as described previously (24). 
Single chain Fv (scFv) X5 was engineered into the pComb3X vector 
using antibody specific pnmers (1), produced in £ co/iand purified by 
nickel chelate chromatography (Qiagen, Valencia. CA) according to the 
manufacturer's instructions. Purified protein was PBS-dialyzed and 
stored at -80°C until use. Purity was determined by SDS-PAGE and the 
concentration was measured by A?». The 17b single chain construct was 
a gift from Dr. Wayne Marasco (Dana-Farber Cancer Institute, Boston, 
MA). In short, the 17b scFv was produced by PCR amplification of the 
heavy and light chain variable region fragments from the 17b hybridoma 
cell line and cloned into the prokaryotic expression vector, pHEN (16). 
From this construct the 17b heavy chain, the (GiSJe linker, the light chain 
variable sequences and a His* epitope tag were PCR amplified and sub-
cloned into the inducible expression vector pMT (17) downstream of the 
Drosophila metallothionein promoter and in frame with the tPA (tissue 
plasminogen activator) leader sequence. A stable S2 Drosophila cell line 
was established by co-transfection with a hygromycin resistance plasmid 
pCo-hygro and selection through hygromycin (300 ug/ml). Production of 
the 17b single chain was induced by the addition of 750 pM CuSO^ to the 
cells at a density of 10'cells/ml in serum free insect media containing 
0.1% pluronic (BASF, Mount Olive. NJ). Purification of the single chain 
was performed in a single step by direct passage over a nickel chelating 
column (Pharmacia). The 33 kD protein was eluted by 50 mM EDTA, 
dialyzed and quantified by Aao and SDS gel analysis. 

Pseudovirion production. Plasmids containing the em genes of HIV-1 
strains HxB2 (35). JR-CSF (65), ADA (53), ADAAV1V2 (21) and SOS-
JRFL (2) were constructed as described previously. Similarly the em 
genes of HIV-1 strains JR-FL, HxB2 and 89.6 were cloned into pSVIIIenv 
(14) and SF162, 92HT594, JR-CSF, JR-FL, and ADA into pSV7d (35). 
Additionally the em gene of amphotropic murine leukemia virus (A-MLV) 
was cloned into pSV7d (38). Recombinant pseudovinons were produced 
as described previously (7.28,38. 62.65). 

Neutralization Assay. Neutralization was measured in various luciferase 
reporter gene assays as described previously (2,28,38.62.65). 
/') Standard neutralization assay A. A pseudovirus inoculum, previously 
determined to yield -1,000,000 RLU, was incubated with a serial dilution 
of mAb for 1 h at 37°C and added to 2x10= U87CD4.CCR5 or 
U87.CD4.CXCR4 cells (ARRRP, contributed by H. Deng and D Littman). 
After 24 hrs of incubation fresh medium was added and incubated for an 
additional 3 days (37°C. 5% COz). Luciferase activity was measured 
using the luciferase assay system (Promega, Madison, Wisconsin) 
according to the manufacturer's instructions. 
iij Standard neutralization assay B. A pseudovirus inoculum was 
incubated with a serial dilution of mAb for 18 hrs at 37°C and added to 
U87.CD4 expressing both CCR5 and CXCR4 cells (ARRRP. contributed 
by H. Deng and D. littman). After 72 hrs of incubation (37°C, 5% CO:), 
luciferase activity was measured using the luciferase assay system 
(Promega. Madison, Wisconsin) according to the manufacturer's 
instructions. 
liij SOS neutralization assays. For standard neutralization, a pseudovirus 
inoculum normalized for p24 content by ELISA was incubated with a 
serial dilution of mAb for 1 h at 37°C and added to 2x1CH U87.CD4.CCR5 
cells for 2 h. Unbound virus was removed by changing medium and the 
culture was incubated for a further 1 h. Alternatively, to measure post-
attachment neutralization, a pseudovirus inoculum was incubated with 
2x10: U87 CD4.CCR5 cells for 2 h to form SOS-arrested intermediates 
(SAI). After replacement of medium, a serial dilution of mAb was added 
for 1 h. Cells were subsequently treated with 5 mM DTT for 10 min to 
activate the fusion reaction and the medium was replaced. After an 
additional 3-day incubation (37°C, 5% COj), luciferase activity was 
measured as descnbed above. 
iv) Temperature-regulated neutralization assay. A pseudovirus inoculum, 
previously determined to yield -10,000 RT units, was incubated with a 
serial dilution of mAb for 1 h at 37°C and added to 6x10! Cf2Th cells 
expressing CD4 and CCR5 (22). Alternatively, the virus inoculum was 
incubated for 4-5 hours at 4°C with the cells prior to washing Serial 

dilutions of antibodies were added, and the temperature was raised to 
37°C. After a 24 hr incubation at 37°C (5% CO2), fresh medium was 
added and the cells were incubated for an additional three days. 
Luciferase activity was measured as described above. 

ELISA. Microliter plates (Costar, Corning. New York) were coated 
overnight at 4°C with 5 ug/ml of anti-gp120 antibody D7324 (Aalto 
BioReagents Ltd., Dublin, Ireland) in PBS (pH 7.5). Plates were blocked 
with 3% BSA for 1 hr at RT and washed with PBS/0.05% Tween-20 
(PBST). Lysed pseudovirions (1% Empigen; Sigma) were added, diluted 
in PBST/1% BSA and incubated for 4 hrs at RT, in the presence or 
absence of sCD4 (2 ug/ml). Next, serial dilutions of mAb were incubated 
with the captured proteins and bound mAb was detected with 
horseradish peroxidase (HRP)-labeled goat-anti-human IgG F(ab');> 
(Pierce. Rockford, Illinois) and tetra-methyl-benzidme (TMB) substrate 
(Biorad). The color reaction was stopped after 20 minutes by the addition 
of 2M H;SOi and absorbance at 450nm was measured. 

Modeling. The positions of four-domain CD4 were generated by 
superimposing the four-domain CD4 structures (pdb accession numbers: 
1WIO, 1WIP, 1WIQ, residue 1-363. (58)) onto the tnmeric model of the 
gp120-D1D2 complex (27) using the main-chain atoms of CD4 D1D2 
(residue 1-178). RMS deviations for the superpositions are - 1.0 A for all 
superpositions. A model having an additional 35° rotation of D3D4 
towards the target cell membrane was constructed using the interactive 
graphics program "O" (19), by altering the backbone angle bet-ween CD4 
residues 176 and 177 in 1WIP from a <p IJJ of -96° and 108° for residue 
176 to -96° and 162° and a q> iy of -72° and 154° for residue 177 to -153° 
and 154°. The nine amino acid linker between the last 
crystallographically ordered residue and the transmembrane spanning 
region contains 2 prolines. Its length was estimated by using calculations 
of polymer dimensions (48), where an Alas polymer has an average N-
terminal. C-terminal distance of 16 A and a Pros polymer a distance of 21 
A. All superpositions were earned out with the program LSQKAB. which 
is in the CCP4 suite of programs (6). 

Results 

Antibody Fab and scFv fragments of CD4i mAbs are 

more effective in neutralization of HIV-1JR-CSF than 

whole lgG1 antibodies 

We recently reported the isolation of a novel 

CD4i Fab fragment, designated X5, that differed from 

previously isolated CD4i antibodies, such as 17b or 48d. 

in that it potently neutralized an array of primary HIV-1 

isolates (32). Whole antibody molecules are generally 

more effective in neutralization than their corresponding 

Fab fragments (57). We therefore converted Fab X5 to a 

whole immunoglobulin G1 (lgG1) molecule, expressed it in 

Chinese hamster ovary (CHO) cells and purified it by 

affinity chromatography. IgG X5 was tested against 

CCR5-dependent (R5) HIV-1JR-CSF in a neutralization 

assay. Surprisingly, the whole antibody neutralized 

approximately 5-fold less effectively than the Fab fragment 

(Fig.6.1A; Table 6.1). 

To assess whether the observed phenomenon 

was a general characteristic of CD4i mAbs, we tested 

whole antibody and antibody Fab fragments of other CD4i 

mAbs in neutralization against HIV-1 JR-CSF. The Fab 

fragments of mAbs 17b and 48d were made by papain 

digestion. Both Fab fragments were more effective in 

neutralization compared to their corresponding whole 

antibody molecules (Fig. 6.1B,C ; Table 6.1). Additionally, 

single-chain (sc)Fv variants of X5 and 17b were 

constructed and tested in neutralization. The smaller 
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Figure 6.1: Neutralization of H I V - 1 J R ^ S F by CD4i antibodies and antibody fragments. Whole antibodies ( • ) , Fab 
fragments (O) and scFv fragments ( • ) were titered against HIV-1JR .CSF in a pseudotyped luciferase-based neutralization 
assay using U87.CD4.CCR5 cells. Data points are the means of triplicates ± SEM. 

scFvs were even more effective than the corresponding 
Fab fragments (Fig. 6.1A.B). 

Lack of HIV-1jR-csF neutralization by IgG is not due to 
decreased functionality 

To assess if the inability of the whole antibody 
molecules to neutralize HIV-1JR-CSF was caused by 
diminished recognition of gp120jR-csF, we compared the 
binding of IgG with Fab fragments to monomeric gp120jR-
CSF in ELISA in the presence or absence of sCD4. In 
contrast to the neutralization results, the IgG molecules of 
X5 and 17b had a -2-3-fold higher apparent affinity, 
probably due to the bivalency of the whole IgG molecule 
(Fig. 6.2). Fab X5 obtained by papain digestion of IgG X5 
had a similar apparent affinity to E.coli expressed Fab X5 
(data not shown). No difference in apparent binding 
affinities was observed between Fab and IgG 48d. All 
antibodies displayed a -10-fold increase in apparent 
affinity for gp120 in the presence of sCD4. Although 
affinity to monomeric gp120 does not directly correlate 
with neutralization, it does demonstrate that the lack of 
neutralizing activity was not due to decreased functionality 
of the whole antibody molecules. 

Antibody fragment size-dependent neutralization is a 
function of viral isolate 

To determine whether the observed phenomenon 
was virus isolate-specific. we assessed a panel of HIV-1 
isolates for sensitivity to CD4i antibody (fragment)-
mediated neutralization (Table 6.1). HIV-1 JR.FL and HIV-
1AOA, both R5 primary isolates, showed a broadly similar 
tendency to be better neutralized by smaller antibody 
fragments, with the exceptions that the 17b Fab and scFv 
fragments were equally effective against HIV-1 JR-FL. HIV-
1ADA was overall somewhat less sensitive to CD4i mAb 
neutralization than HIV-1 JR-CSF. The relatively 
neutralization-resistant isolate HIV-1YU2 (29, 52) was 
weakly neutralized by scFv CD4i mAbs but infectivity was 
enhanced by CD4i whole lgG1 molecules (data not 
shown). 

In agreement with other studies (54, 60) the T cell 
line-adapted (TCLA), CXCR4-dependent (X4) HIV-1 strain 
HxB2 was relatively sensitive to all three tested CD4i 
mAbs as whole IgG molecules. In this case, the Fab 
fragments were generally somewhat less effective than 
whole IgG. The scFv fragment of X5 was more effective 

Table 6.1 A: Neutralization (IC50 in nM) of HIV-1 by CD4i antibodies and antibody fragments (standard neutralization 
assay A) 
mAb Format HIV-1 Isolate 

X5 

17b 

43c: 

IgG 
Fab 
scFv 

IgG 
Fab 
scFv 

IgG 
Fab 

JR-CSF 
R5* 

1799 
458 
224 

>2000 (22) 
912 
158 

>2000(41) 
1698 

JR-FL 
R5 

1950 
955 
115 

>2000 (20) 
288 
331 

n.t. 
n.t. 

ADA 
R5 

>2000 (14)" 
>2000(33) 
447 

>2000(32) 
1778 
447 

1380 
>2000 (32) 

89.6 
X4 

347 
759 
191 

189 
242 
122 

457 
>2000 (36) 

HxB2 
X4 

8.1 
74 
16 

21 
43 
61 

8.7 
39 

Neutralization was assessed on U87.CD4 cells expressing either the CCR5 (R5) or the CXCR4 (X4) coreceptor. The 
neutralization of the dualtropic isolate 89.6 was studied on U87.CD4 cells expressing CXCR4. 
b Where 50% neutralization was not achieved, the percentage of inhibition at the highest antibody concentration is given in 
parenthesis, 
n t not tester! 
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Figure 6.2: Binding curves of CD4i 
antibodies and antibody fragments to 
monomeric gp120JR.CsF determined by 
ELISA. Whole antibodies {A) and Fab 
fragments (B) were titered against gp120JR.CsF 
in the presence (closed symbols) or absence 
(open symbols) of saturating amounts of sCD4. 
(17b. » + 0 ; 48d, B+D; X5, A + A ) . Data points 
are the means of at least two separate 
experiments ± SD. 

).01 0.1 

[Ab] nM 
0.1 1 
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than the Fab fragment, whereas for 17b the two fragments 
were approximately equally effective (Table 6.1). 

Two dual-tropic (R5X4) primary isolates were 
evaluated, HIV-lege and a dual-tropic variant of HIV-1JR-
CSF, designated H|V-1tn (Poignard et al, submitted). When 
HIV-1s96 neutralization by X5 was evaluated on 
CXCR4-expressing U87 cells, whole IgG and antibody 
fragments displayed similar potency (Fig. 6.3B; Table 
6.1). For HIV-1IR evaluated on CXCR4 expressing U87 
cells, X5 scFv was clearly more effective than the Fab 
fragment and whole lgG1 molecule (Fig. 6.3D). Next, we 
evaluated X5-mediated neutralization of HIV-1 sg e and HIV-
1IR on CCR5-expressing U87 cells. For HIV-189.6, 
neutralization was achieved at somewhat lower antibody 
concentrations on CCR5-expressing U87 cells, than on 
CXCR4-expressing cells, with whole IgG and Fab 
neutralization somewhat less effective than scFv (Fig. 
6.3A). When HIV-1IR neutralization by X5 was evaluated 
on CCR5-expressing U87 cells, whole IgG and antibody 
fragments displayed similar potency, comparable to whole 
IgG and Fab neutralization on CXCR4-expressing U87 
cells (Fig. 6.3C). Thus, the precise pattern of 
neutralization potency displayed by the CD4i mAb X5 and 
antibody fragments is dependent upon isolate and 
coreceptor usage. 

In a separate study, using a similar reporter gene 
neutralization assay in a different laboratory, a panel of 
HIV-1 isolates was assessed for sensitivity to CD4i 
antibody (fragment)-mediated neutralization (Table 6.2). 
In these experiments whole IgGs of CD4bs-specific mAbs 

were included for reference. Additionally, pseudovirions 
expressing the amphotropic murine leukemia virus (A-
MLV) env gene were included as negative control. As for 
the experiments described in Table 6.1, the R5 primary 
isolates HIV-1JR-FL, HIV-1JR-CSF and HIV-1ADA, were 

sensitive to neutralization by both X5 and 17b scFv 
fragments and relatively resistant to Fab X5, IgG X5 and 
IgG 17b. Another R5 primary isolate, HIV-1SFI62, was 
sensitive to CD4i mAbs and antibody fragments, but this 
isolate was also sensitive to IgG b6, a generally weakly 
neutralizing anti-CD4bs mAb. Primary dual-tropic R5X4 
isolate HIV-192HT594 was neutralized by mAb X5 and Fab 
and scFv antibody fragments and by 17b scFv fragment 
but was resistant to 17b whole IgG (Table 6.2). 

CD4i antibody fragments neutralize HIV-1 subsequent 
to CD4 binding 

The CD4-induced conformational changes in 
gp120 include displacement of the V1/V2 variable loops, 
thus exposing the coreceptor binding site and the CD4i 
epitopes (31, 47, 60). To investigate the role of the V1A/2 
variable loops in CD4i antibody and antibody fragment-
mediated neutralization, we compared the neutralizing 
activity of different 17b antibody forms against wild-type 
ADA (WT)(Fig. 6.4A) and V1V2-deleted ADA 
(AV1V2)(Fig. 6.4B). Removal of the V1A/2 loops 
increased sensitivity to neutralization by mAb 17b, as has 
been previously reported (5, 21). However, 17b scFv and 
Fab fragments neutralized the AV1V2 virus more 

Table 6.2: Neutralization (IC50 in nM) of HIV-1 by CD4i ant ibodies and antibody fragments (standard neutralization 
assay B) 
mAb 

X5 

17b 

b12 

06 

Format 

IgG 
Fab 
scFv 

IgG 
scFv 

IgG 

IgG 

HIV-1 Isolate 
SF162 
R5a 

0.22 
2.8 
1.7 

3.1 
3 9 

0.46 

0.53 

92HT594 
R5X4 

67 
i:83 
129 

>333(21) 
117 

2.1 

>333 (42) 

JR-CSF 
R5 

>333(16) r 

>1000(25) 
633 

>333 (0) 
369 

7.3 

>333(0) 

JR-FL 
R5 

>333 (15) 
>1000(13) 
1077 

>333 (0) 
573 

0.76 

>333 (0) 

ADA 
R5 

>333 (0) 
>1000 (15) 
637 

>333 (0) 
294 

18 

>333 (0) 

HxB2 
X4 

1.8 
35 
1.2 

15 
45 

0.07 

0.38 

A-MLV" 

>333 
>1000 
>2000 

>333 
>1160 

>333 

>333 

3 Neutralization was assessed on U87.CD4 cells expressing both CCR5 and CXCR4 coreceptors. Coreceptor tropism of the 
viral isolates is indicated (R5. X4 or R5X4). 
' As negative control pseudovirions expressing the amphotropic murine leukemia virus (A-MLV) env gene were included. 
'Where 50% neutralization was not achieved, the percentage of inhibition at the highest antibody concentration is given in 
parenthesis. 
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Figure 6.3: Neutralization of dual-tropic HIV-1 by mAb 
X5 whole IgG and ant ibody fragments. Whole antibody 
( • ) , Fab fragment (O) and scFv fragment ( • ) were titered 
against HIV-1896(A+B) and HIV-1 IR (C+D) in a pseudotyped 
luciferase-based neutralization assay using U87.CD4 cells 
expressing either CCR5 (A+C) or CXCR4 (B+D). Data 
points are the means of triplicates + SEM. 

efficiently than the whole antibody, suggesting that some 
steric constraints on mAb 17b neutralization operate even 
in the absence of the V1A/2 loops. 

Membrane fusion mediated by the HIV-1 
envelope glycoproteins is a temperature-dependent 
process (12, 13). To investigate the sequence of events 
for mAb 17b-mediated neutralization, we tested the 
AVÏV2 virus in a temperature-dependent neutralization 

assay. Virus and target cells were pre-incubated at 4°C, 
washed and 17b scFv. Fab or whole IgG added. The 
fusion reaction was resumed when the temperature was 
raised to 37°C. Under these conditions, compared with 
the standard neutralization assay (Fig. 6.4B). the 
neutralizing efficiency of the scFv was only minimally 
changed or slightly improved, the efficiency of the Fab 
fragment was slightly reduced and the whole IgG molecule 
was markedly less efficient (Fig. 6.4C). This suggests that 
the antibody fragments can neutralize virus after it has 
attached to the target cell, whereas whole antibody 
molecule is much less effective in this context. In other 
words, it seems likely that neutralization is most efficiently 
mediated by CD4i antibody binding to its epitope after 
CD4 engagement and that this is sterically restricted for 
the whole antibody but not for the fragments. 

Finally, we used an activatable fusion 
intermediate system to look further at the role of CD4i Abs 
and fragments. Introduction of an intermolecular disulfide 
bond between gp120 and gp41 subunits has been shown 
to stabilize oligomeric Env complexes (designated SOS 
Env) (3). Incorporation of SOS Env into pseudovirions 
produces particles that bind to CD4 on target cells but do 
not fuse (2). Addition of a reducing agent activates the 
fusion reaction. Initially, the neutralization of reduced SOS 
pseudovirions of HIV-1JR-FL (SOSJR-FL) was compared to 

wild-type HIV-1 JR-FL (WLR-FL) pseudovirions using 

standard assay conditions. With the exception of whole 
IgG 17b, all CD4i antibody fragments could neutralize both 
SOS and WT virus to a similar extent (Fig. 6.5A,B,C,D). 
Additionally, whole IgG b12 and IgG 2F5. which were 
included as control antibodies, could efficiently neutralize 
both viruses under standard conditions (Fig. 6.5D.F). We 
next used SOSJR-FL to examine the ability of CD4i antibody 
fragments to neutralize under post-attachment conditions. 
SOSJR-FL pseudovirions were incubated with cells, 
unbound virus was washed away and antibody fragments 
were added to cells with adsorbed SOSJR-FL 

1 10 100 

[Ab]nM 
1 10 100 

[Ab] nM 
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100-
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60-

40-

20-
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Figure 6.4: Pre- and post attachment neutralization of HIV-1ADAand HIV-1 wjMvm by mAb 17b whole ant ibody and 
ant ibody fragments. Whole antibody ( • ) . Fab fragment (O) and scFv fragment ( • ) were titered against HIV-1 AD* (A) and 
HIV-1AD*_WIV2 (B+C) in a pseudotyped luciferase-based neutralization assay using Cf2Th cells expressing CD4 and CCR5. 
In these settings pre- and post-attachment neutralization were measured simultaneously (A+B) by preincubating virus and 
antibody fragments at 37°C prior to addition to cells. Post-attachment neutralization was measured exclusively (C) by 
preincubating virus and cells at 4°C. washing the cells, and adding antibody fragments before raising the temperature to 
37°C. 
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Figure 6.5: Standard and post-attachment neutralization 
of SOSJR.FL and WTJR.FL by CD4i whole antibodies and 
antibody fragments. Antibodies 17b (IgG. A; scFv B). X5 
(Fab, C; scFv, D), b12 (IgG; E) and 2F5 (IgG; F) were 
tested in a pseudotyped luciferase-based neutralization 
assays against WT.R.F , ( • ) and SOSJR.FL ( • ) pseudovirions 
in standard assay conditions and against SOSJR.FL 
pseudovirions (O) in a post-attachment format. Data points 
are the means of triplicates ± SEM. 

pseudovirions. All CD4i antibody fragments could still 
efficiently neutralize SOSJR-FL under these conditions, in 
contrast to whole IgG 17b. Whereas neutralization of 
SOSJR-FL by whole IgG b12 was much weaker under post-
attachement conditions, neytralization by whole IgG 2F5 
was equally effective, consistent with the concept that b12 
neutralizes by inhibiting virus attachment to cells and 2F5 
neutralizes in a post-attachment event (2, 36). This 
provides further evidence that smaller antibody fragments 
but not whole antibody can gain access to virions attached 
to target cells. 

A previous study has suggested that SOS 
pseudovirions interact with coreceptor following binding of 
CD4, based on the observation that SOS pseudovirions 
incubated with sCD4 bind CCR5+CD4- cells, albeit poorly 
(2). Similar neutralization of SOS pseudovirions under 
standard and post-attachment conditions (Fig. 6.5B,C,D), 
however, suggest that the CD4i epitope is equally 
available in both assay formats. These results appear 
contradictive with our previous observation as the CD4i 
epitope partially overlaps with the coreceptor binding site. 
It should be noted however that neutralization does not 

require occupancy of all available sites (36. 49). The 
remaining sites not utilized for virus-cell binding may thus 
be sufficient to effect virus neutralization. 

Discussion 
Both CD4 and coreceptor binding sites on 

gp120 form potential targets for antibody-mediated 
intervention. The primary isolate-neutralizing antibodies 
identified so far that are specific for gp120 are directed to 
epitopes that appear to be present on the oligomeric Env 
complex before contact with CD4. They are believed to 
act, at least in part, by binding to the virion surface and 
sterically obstructing the interaction between virus and 
target cell (37, 57). For these antibodies, the larger whole 
antibody molecules are more effective than the 
corresponding Fab fragments at neutralization due to 
greater steric obstruction, but probably also because of 
increased avidity (bivalency)(57). Antibodies to the CD4i 
epitopes generally do not display primary isolate 
neutralizing activity at relevant concentrations. 

The major finding of our study is that, for some 
HIV-1 isolates, the size of CD4i-specific (antibody-derived) 
neutralizing agents is inversely correlated with 
neutralization efficiency. Thus, antibody fragments are 
more effective than whole antibody molecules in 
neutralization. Further, scFv (25 kD) are generally more 
effective than Fab (50 kD) fragments. The temperature-
regulated (Fig. 6.4) and SOS-arrested (Fig. 6.5) 
neutralization data presented here are consistent with a 
model in which CD4i scFvs or Fabs, but not IgGs, can 
neutralize after attachment of the virus to CD4 (43). 
Because the difference in size is expected to have limited 
effects on the diffusion rates of the CD4i antibody 
fragments, these results strongly suggest that the 
restriction against CD4i antibody neutralization is steric, 
not temporal. Therefore, the likeliest explanation for the 
observed sensitivity of neutralization to antibody size is 
that, after CD4 binding to the virus, the available space 
between virus and target-cell surface is not enough to 
accommodate a whole antibody molecule, but is sufficient 
for antibody fragments. This is consistent with the 
estimated size of the antibody fragments and predictions 
of the distance between the CD4i epitope on the CD4-
bound envelope glycoprotein trimer and the target-cell 
membrane (Fig. 6.6). Recent findings demonstrating the 
inaccessibility of the 17b epitope at the fusing cell 
interface are in agreement with this hypothesis (10). 

The higher sensitivity to CD4i mAbs observed for 
some isolates is most likely a reflection of the exposure of 
the CD4i epitope on the oligomer prior to CD4 binding, as 
suggested previously (37). Additionally, our data suggests 
that when the CD4i epitope is exposed, any advantage of 
Fab or scFv fragments disappears (Table 6.1+6.2 and 
Fig. 6.3A,B<C). It is however noteworthy that exposure of 
the CD4i epitope, through deletion of the V1/V2 stem-loop 
structure, not only facilitates virus neutralization by the 
whole IgG molecule but also increases the potency of the 
Fab and scFv fragments (Fig. 6.4). Comparison of the 
relative neutralization potencies of 17b antibody and 
antibody fragments under different assay conditions (Fig. 
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virus 

115 A 

target cell membrane 

Figure 6.6: Steric restrictions on CD4i-antibody neutralization post CD4 attachment. A). HIV-1 viral spike attached to 
cell surface CD4. The gp120 tnmer (brown) (27) is shown with the three-fold axis oriented perpendicular to the target cell 
surface C<» worm representations of gp120 and four-domain CD4 are shown in brown and yellow respectively. N-hnked 
carbohydrate on gp120 is shown in blue. The flexibility between the second and third extracellular CD4 domains allows the 
observed angle between the membrane distal (D1D2) and membrane proximal (D3D4) domains to vary by up to 10° 
(distinct crystal structure conformations are shown in red and yellow) (58). The distance between the membrane proximal 
portion of gp120 and the bottom of the crystallographically ordered CD4 is -45 A. Nine amino acids (shown in grey) occur 
between the last ordered crystallographic residue (position 363) and the transmembrane domain (starting at position 373), 
potentially increasing the gp120:target cell membrane distance by 20 A. There is considerable uncertainty in the degree of 
flexibility between the second and third extracellular domains of CD4 If the interdomain rotation is increased by 35" (grey), 
the gp120:target cell membrane distance would increase by an additional 20 A. resulting in a total gp120:transmembrane 
distance of up to 85 A B) Dimensions of Fv, Fab. and IgG portions of 17b interacting with gp120. Both gp120 (brown) and 
antibody fragments (purple) are shown in Cu worm representation. The gp120 molecule is depicted in precisely the same 
orientation as the front left protomer in A, with the 17b portion oriented by superimposing the X-ray structure (pdb accession 
number 1G9M, (25)) of the gp120 ternary complex with D1D2 and 17b Fab complex. The length of the 17b Fv along the 
trimer 3-fold axis is -40 A, and the length of the Fab is -60 A, with the dimensions measured for the distance between the 
target membrane proximal portions of gp120 and 17b. For IgGs. considerable flexibility is found in the hinge region 
connecting Fab and Fc portions of the IgG Superimposing the crystal structure of a full-length human antibody (45) onto 
17b gives dimensions of 115 A (shown here) and 140 A (not shown) for the two alternative Fab superpositions. The figures 
were generated with GRASP (34). 

6.4A,C) implies that the V1A/2 variable loops continue to 
play a role in obstructing antibody binding even after CD4 
attachment. Thus, our results suggest that CD4i mAb-
mediated neutralization is bi-phasic. with 1) a 'pre-
attachment'-phase that may not be antibody fragment size 
dependent, but is dependent on the accessibility of the 
CD4i epitope on the resting oligomer, primarily governed 
by the V1/V2 variable loops, and 2) a 'post-attachment'-
phase that is antibody fragment size dependent due to 
steric restrictions imposed by the cellular membrane and 
the V1/V2 variable loops, the fact that we observe a 
unique increase in potency for scFv X5 in neutralization of 
HIV-1 IR (Fig. 6.3D) and the fact that scFv X5 but not scFv 
17b was more effective than the corresponding Fab 
fragments in neutralization of HIV-1 mB2 (Table 6.1), 
however, indicate that there are additional variables 
influencing these mechanisms. One could speculate that 
the precise orientation of the epitope may influence the 
susceptibility of the antibody fragment to steric constraints 
by the surrounding protein structures at the virus:cell 
interface. 

Attempts to improve Env immunogens include 
strategies to better expose the coreceptor binding site and 

the overlapping CD4i epitopes (11, 15, 30, 44). It is 
argued that increasing CD4i epitope exposure may elicit 
more potent CD4i mAbs or higher serum antibody titers. 
Our data, however, suggest that the inability of CD4i 
mAbs to neutralize primary isolates is not due to lack of 
potency per se, but due to spatial constraints. As non-
syncytium inducing (NSI), R5 HIV-1 variants establish 
primary infection in humans (39, 50, 51. 63. 64), the 
inability of CD4i-specific whole Abs to neutralize the 
majority of R5 viruses used in this study raises concerns 
as to whether the CD4i epitopes would be useful targets 
for antibody neutralization in vaccine design. 

In conclusion, we show that CD4i-specific mAbs 
do not neutralize some primary isolates due to steric 
constraints. We propose that HIV-1 can exclude whole 
antibody molecules from the CD4i epitopes due to the 
close physical proximity of the cellular membrane and 
obstruction by the V1/V2 variable loops. The constraints 
were especially apparent for the primary R5 isolates 
tested. This raises questions about the utility of CD4i 
epitopes as targets for antibody-mediated neutralization in 
vaccine design. Understanding these viral defenses may 
suggest new strategies to circumvent them. The fact that 
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the smaller antibody fragments were able to neutralize 14 

does however suggest that the CD4i epitopes could be 
used as targets for small molecule entry inhibitors. 
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Figure 2.1: A model for the structure of monomeric and oligomeric gp120. (For legend see page 21). 
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Figure 8.10: Cartoon model of the HIV-1 putative trimeric envelope spike. (For legend see page 92). 
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CHAPTER 7 

Human monoclonal antibody Fab fragment X5 neutralizes a broad range of HIV-1 primary isolates. The crystal 
structure of the Fab fragment has been solved at 1.9-A resolution. The antibody-combining site features a 
flexible, long (22 amino acid residues) CDR H3 with a protruding hook-shaped motif. Models of X5 docking to 
CD4-bound gp120 crystal structures suggested an epitope structure in agreement with gp120 and X5 
mutagenesis studies. The X5 epitope is localized in close proximity to the CD4 and coreceptor-binding sites and 
includes the highly conserved amino acid residues at positions 423 and 432, suggesting a possible mechanism 
of the broad neutralizing activity of X5. The X5 crystal structure and the model of its epitope may have 
implications for the development of HIV inhibitors, assist in the design of vaccines, and help to understand 
mechanisms of virus entry and neutralization. 

Introduction 
HIV entry into cells is initiated by the binding of its 
envelope glycoprotein (Env) gp120 to receptor molecules 
(CD4 and coreceptor) followed by Env conformational 
changes ultimately leading to virus-cell fusion (6, 8). 
Identification and characterization of conserved Env 
structures exposed during entry may help in the 
elucidation of mechanisms of HIV fusion and in the 
development of viral inhibitors and vaccines. We 
hypothesized that purified complexes of Env with receptor 
molecules exhibit such conserved structures (6, 7) that 
could be used for selection of antibodies by screening of 
phage display libraries (17); the selected antibodies could 
then help in the identification and characterization of the 
conserved structures. By using gp120-CD4-CCR5 
complexes as a screening antigen we recently identified 
and characterized a broadly cross-reactive HIV-
neutralizing human monoclonal antibody (hmAb) Fab, X5 
(17). Fab X5 bound much better to gp120-CD4 complexes 
than to gp120 alone (i.e. it is a CD4i Fab). CD4i antibodies 
can neutralize some T cell line adapted HIV-1 isolates but 
generally do not exhibit significant neutralizing activity 
against primary isolates (23). Fab X5, however, inhibited 
HIV entry and Env-mediated cell fusion of more than 30 
primary isolates with activity comparable to that of the 
potent broadly cross-reactive HIV-neutralizing hmAb lgG1 
b12 (3, 27). Interestingly, unlike lgG1 b12 and other non-
CD4i HIV-1-neutralizing antibodies, lgG1 X5 was on 
average less potent than Fab X5 likely due to size effects 
(Chapter 6). Here, we present the crystal structure of X5, 
and propose a model of its epitope based on molecular 
docking and mutagenesis studies. The X5 structure may 
serve as a template for HIV inhibitors. The epitope 
structure sheds light on the mechanism underlying the 
broad cross-reactivity of X5, suggests novel targets for 
inhibitors and may help in the design of vaccines. 

Materials and methods 

Expression and purification of Fab X5. X5 was produced as previously 
described (17). Briefly, plasmid pComb3H-X5 containing the X5 heavy 
and light chain fragments, respectively, was transfected in fresh XL-1 
blue competent cells. Escherichia coli culture was grown and processed 
as described (1). 50 ml cell lysate in 1X PBS supplemented with PMSF 
at 200 pM final concentration was loaded onto the protein G column; a 
10 ml column of degassed fasl flow Protein G (Amersham) in PBS (pH 
7.4) was packed and used for purification. The lysate was loaded at a 
flow rate of 3 ml min', following which it was washed with PBS (pH 7.4). 
Fab X5 was eluted using 0.5 M acetic acid (pH 3.0); the eluate was 
collected in a tube containing 1ml of Tns-HCI (pH 9.0). The fractions 
containing protein peak were pooled and concentrated using centriprep 

columns (10KDa cut-off) and finally passed through 0.2 pm low protein 
binding filters (acrodisc syringe filters from Gelman Labs) in sterile 
conditions. The Fab X5 was finally exchanged in 50 mM Tris-HCI buffer 
(pH 7.4) and concentrated to 10 mg mK 

Crystallization. Crystals of Fab X5 were grown at 18 °C using the sitting 
drop vapor diffusion method. The well solution contained 30% 1,2-
propanediol, 0.1 M HEPES (pH 7.5) and 20% PEG-400. The 10-15 pi 
drops, containing equal volumes of protein and well solutions, were 
equilibrated against 500 pi well solution. The X5 crystals formed in 3-4 
days in the morphology of rectangular rods. The crystals were frozen in 
liquid nitrogen for data collection. 

Data collection and structure determination. The crystals belong to 
space group P42'2 (unit cell dimensions a = b = 139.6 A, c = 120.3 A) 
and diffracted to a resolution of 1.9 A. X-ray diffraction data were 
collected at the beamline X9B of the National Synchrotron Light Source 
(Brookhaven National Laboratories) using an ADSC Quanlum-4 CCD 
detector and were processed using Denzo and Scalepack (20) (Table 
7.1). Further data processing was performed with the CCP4 package (4). 
We solved the structure by molecular replacement using AMoRe (18) 
with the constant domain (after the elbow) of both light and heavy chains 
of the mature metal chelatase catalytic antibody from Homo sapiens 
(PDB code: 3FCT)(26) as the search model. Two solutions were 
obtained with a correlation coefficient of 33.7% and a crystallographic R 
value of 49.8% for X-ray data within the resolution range of 104 A. The 
model was then subject to rigid body refinement, energy minimization 
and grouped B factor refinement before a difference Fourier synthesis 
was carried out. The difference map revealed the location of variable 
domains of the light and heavy chains (before the elbow) in both X5 
molecules. A complete model containing two X5 molecules was built. 

Table 7.1: Data col lect ion and refinement stat ist ics for 
Fab X5. 
Resolution range (A) 
Space group 
Cell dimension (A) a = b = 

c = 
Completeness (%), overall / last she l l " 
Redundancy 
IIG(I), overall / last shel l a 

RidKmq,0 overall / last shel l 3 

Reflections used for refinement with 0 o 
cutoff 
Reflections used for R,„e calculations 
Crystallographic R,'~ overall / last shell 
/?(,«,, overall / last shell 

30.0-1.9 
P42,2 
139.60 
120.34 
100.0/99.9 
13.8 
39.7 / 3.2 
0.066 / 0.498 

ID 
88,654 
4,699 
0.224 / 0.268 
0.235 / 0.297 

Number of amino acid residues / average 
B value (A2) 
Number of water oxygen / average B 
value (A2) 
Rms deviations from ideal geometry: 

Bond distances (A) 
Bond angles (°) 

Ramachandran plot: 
Most favored cp/qj angles (%) 
Disallowed (p/qj angles (%) 

3 1.90-1.97 A. 
°«5cai1ng = S| / -< /> | /S / . 

' Crystallographic R = I w | |F„| - |FC| | /1 

895 / 32.3 

619/35.9 

0.006 
1.46 

87.4 
0.4 

«H |Fo|. 
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Based on the difference map as well as the refined electron density map. 
a mutation (H167Q) on the framework region 4 of the light chain was 
identified on both molecules The refinement was done with the program 
package CNS (2) and the model building was carried out with 0(11) All 
data within the resolution range of 30.0-1.90 A were used for the 
refinement with 5% data randomly chosen for /?•« calculations. Bulk 
solvent corrections were applied. The final model contains 895 ammo 
acids and 619 water molecules. The average B value for all atoms is 33 
A' The Ramachandran plot showed that 87% of the mam chain torsion 
angles are in the most favored region and three residues fall in the 
disallowed region, including light chain residue A52 in both molecules 
and heavy chain residue D112 m the first molecule The two Ala residues 
have well-defined electron density and are located in the middle of a y-
turn (A51-A53) The CDR H3 is flexible, which could be accounted for the 
outlier D112 on the Ramachandran plot. 

Molecular docking experiments The program AutoDock (10) was used 
to perform the molecular docking expenments using the Lamarkian 
Genetic Algonthnv'. Polar hydrogen atoms were added to respective 
residues in protein molecules. This was followed by the addition of 
«oilman charges and check for non-integral charges The AutoGnd 
program was used to generate the chemical affinity and electrostatic 
maps that were centered on the glycoprotein molecule (gp120) using a 
grid of 120 x 120 x 120 points and a spacing of 1.0 A One hundred 
docking experiments were performed in parallel using 250,000 energy 
evaluations with randomly selected initial onentations and translations of 
the ligand protein As a test of the method, the D1 domain of the CD4 
was docked onto gp120. which recreated, as the largest cluster of 
solutions with the lowest energy, the crystal structure of the complex (12. 
13) within a root-mean-square deviation of 0.6 A. In another test of the 
method, the variable domain of the antibody 17b was docked onto the 
gp120-CD4 complex (both the HXBc2, YU2 isolates), which recreated. 
as the largest cluster of solutions with the lowest energy, the crystal 
structure of the gp120-CD4-17b complex (12) within 1.0 A root-mean-
square deviation Similarly, the variable domain of X5 was docked onto 
the gp120-CD4 complex (both the HXBc2 and YU2 isolates) Based on 
the observation of side chain conformational differences of aromatic 
residues in the CDR H3 motif (Fig. 7.1B). torsion freedom was allowed 
for the side chains of W105 and Y111, which resulted in a marked 
increase in the binding of X5 with the gp120-CD4 complex. The largest 
cluster of solutions with the lowest energy was observed for YU2 with X5 
located at a distance of -9.5 A away from where the 17b antibody binds. 
For HXBc2, the gp120-CD4-X5 complex was formed with X5 located at a 
distance of -11.5 A away from where the 17b antibody binds. Using the 
program package CNS (2), an energy minimization of 200 cycles was 
done on the docking models. Figures were generated with Bobscript (9). 
Raster3D(15)andGrasp(19) 

Site-directed mutagenesis. Mutagenesis of gp120jR SF and Fab X5 was 
performed using the QuikChange site directed mutagenesis kit 
(Stratagene, La Jolla. CA) according to the manufacturers protocols All 
mutations were confirmed by DNA sequencing 

X5 binding measurements. Interaction analyses were performed on a 
Biacore 3000 optical biosensor (Biacore Uppsala) with simultaneous 
monitoring of four flow cells For direct binding comparisons, Fab X5 (250 
RU) was immobilized onto a low charge (B1) sensor chip using 
carbodiimide-coupling chemistry. The binding capacity of the surface 
was kept low to avoid mass transport effect and steric hindrance One 
flow cell was left blank as a control for non-specific binding and refractive 
index changes. The buffer used was 10 mM phosphate (pH 7.4). 150 
mM NaCI. 3.4 mM EDTA and 0.005% P-20. The concentration flow rate 
was 30 ul/min. 

Results and Discussion 

Structure determination and description 

We solved the crystal structure of X5 by molecular 

replacement. Based on sequence similarities, three 

search models were selected from the Protein Data Bank 

Figure 7.1: Crystal structure of Fab X5. A) Stereoview 
showing the hook shape and final 2F,-F: electron density 
map contoured at 0.7 n for the CDR H3 motif of the X5 
heavy chain. The protein is illustrated as a ball-and-stick 
model with atomic color scheme (carbon in black, nitrogen 
in blue, and oxygen in red) and the electron density map as 
a green net. B) Stereoview illustrating the superposition of 
the two CDR H3 motifs in the two independent X5 
molecules. The thinner model is the CDR H3 motif of the 
second molecule. The root-mean-square deviation for all 
CQ positions between the two CDR H3 motifs is 0.47 A. The 
average B value of the CDR H3 motif is 63 and 66 A* in the 
two independent X5 molecules, respectively; the average B 
value for all protein atoms is 32 A 

and used in rotational and translational searches. The 

best model had sequence similarities of 64% and 74% 

with the heavy and light chains of X5. respectively. Instead 

of an entire Fab or a complete light or heavy chain, our 

search model contained either both variable domains or 

both constant domains of the two chains. The model 

containing both constant domains resulted in two 

outstanding molecular replacement solutions, 

corresponding to both constant domains of two 

independent X5 molecules in the asymmetric unit. The 

resulting partial structure was subject to rigid body 

refinement and both variable domains were located by 

difference Fourier synthesis. This approach of molecular 

replacement for solving Fab structures appears to have 

two advantages over the trial-and-error approach using 

the full-length light and/or heavy chains with systematically 

varied elbow angles between the variable and constant 

domains. First, the resulting elbow angles are accurate 

because they are defined by difference Fourier synthesis. 

Second, the number of molecular replacement trials is 

significantly reduced because the elbow angle is not a 

variable in this approach. 
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Figure 7.2: Comparison of the CDR H3 structures. A) 
X5 (this work), B) 17b (12. 13) and C) b12 (27). Light 
chain is shown in blue. Heavy chain is shown in green 
with the CDR H3 loop in purple. 

The two X5 molecules in the asymmetric unit 
are structurally similar and pack in an alternate fashion 
with the C-terminal region of one Fab interacting with 
the N-terminal region of the other. All residues are well 
defined except residues 1 and 2 in the first Fab, 
residues 1-3 in the second Fab and C-terminal 
residues 236-239 of both heavy chains, which were not 
located because of insufficient electron density. The 
first Fab has lower temperature (B) values (27.2 A2) 
than the second one (37.4 A2). The CDR H3 loop of the 
heavy chain contains 22 amino acid residues (D100 
through F121) and assumes the shape of a hook (Fig. 
7.1 and 7.2A). This long and relatively hydrophobic 
CDR H3 is flexible, as indicated by the poorer electron 
density starting from P103 to G115 in both X5 
molecules. However, the structure of the CDR H3 is 
distinctly defined (Fig. 7.1A). The Ca traces of the two 

CDR H3 motifs are very similar, whereas the conformation 
of the side chains differs, especially those of the aromatic 
side chains (Fig 7.1 B). 

The CD4i antibody 17b has a prominent 19-
residue CDR H3 loop (Fig. 7.2B). which, together with 
CDR H2 and CDR L3, dominates the binding of gp120 
(12, 13). Similarly, in the potent HIV-1-neutralizing hmAb 
lgG1 b12. the 18-residue CDR H3 assumes a finger-like 
loop (Fig. 7.2C) with a Trp residue at the apex (27). This 
extended loop likely facilitates the insertion of b12 into the 
recessed CD4-binding site of gp120. The 22-residue-long. 
hook-shaped CDR H3 of X5 (Fig. 7.2A) has two residues 
(W105 and Y111) pointing out of the hook (Fig. 7.1 A). The 
hook conformation and the flexibility (Fig. 7.2B) of the 
CDR H3 could be critical for the observed high affinity of 

Figure 7.3: Docking model of X5 to gp120-CD4. A) 
Superposition of the docking model gp120-CD4-X5 (this 
workl and the crystal structure of gp120-CD4-17b (12. 13) 
CD4 (in cyan) and gp120 (in purple) are shown as space
filling models. Fab molecules are illustrated as ribbon 
diagrams (X5 in blue and 17b in red). B) A zoom-in view of 
the gp120-CD4-X5 model with the W105 and Y111 side 
chains of X5 shown as stick models and the electrostatic 
potential of gp120 shown in red and blue for negative and 
positive, respectively. 
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X5 binding to gp120-CD4 complexes from various HIV-1 
isolates. The crystal structure of X5 may have implications 
for our understanding of mechanisms of virus 
neutralization and could be used as a template for 
inhibitors; it also may help in the characterization of the X5 
epitope as described below. 

Docking of X5 to gp120 in CD4-bound conformation 
Docking of X5 to the CD4-bound gp120 conformation was 
performed using AutoDock (10, 16), following the 
procedure of Saphire and coworkers (27). As a test of the 
method, the variable domain of the antibody 17b was 
docked to gp120 from two HIV isolates (HXBc2 and YU2) 
in complex with a two-domain fragment of CD4, which 
recreated the known crystal structure (12) as the lowest 
energy solution within 1.0 A root-mean-square deviation. 
The binding position of X5 was initially assumed to be 
similar to 17b, and a hundred parallel docking experiments 
were performed with the structures of HXBc2 and YU2. 
The lowest energy models obtained for both HXBc2 and 
YU2 have a binding site approximately 10 A away from 
that of 17b and towards the CD4 molecule (Fig. 7.3A) 

The docking model suggests various 
interactions between X5 and gp120. The CDR L1. CDR L3 
and CDR H3 motifs of X5 make contacts with \] strands 2, 
3, 15, 20 and 21 of gp120. Residues W105 and Y111 in 
the CDR H3 of X5 appear to play important roles in the 
binding of the Fab to the Env-CD4 complex (Fig. 7.3B). 
The CDR H3 residue W105 is positioned such that the 
long axis of its indole ring system is parallel with that of 
the hydroxyl-phenyl ring system of Y111 (Fig. 7.3B). It has 
been noted that larger numbers of aromatic residues in 
antibody combining sites than other protein-protein 
interfaces, and that the Tyr and Trp residues in the 
antibody combining sites are highly solvent exposed and 
therefore available for ligand interaction (5, 21). We note 
that the existence of a Trp residue might be a common 
feature in the Fab-gp120 interface. The crystal structure of 
gp120-CD4-17b reveals that a Trp residue in the CDR L3 
of Fab 17b makes contact with CD4-bound gp120 (12). As 
for b12, a Trp residue at the apex of CDR H3 may interact 
with gp120 as first predicted by molecular docking 
experiments (27) and then supported by site-directed 
mutagenesis (29). The significance of W105 and Y111 for 
the interaction of X5 with gp120-CD4 is substantiated 
below. 

Site-directed mutagenesis of X5 and gp120 
Based on our docking model, X5 residues W105 and 
Y111 in the CDR H3 motif may be critical for X5 binding to 
gp120. To test this prediction, we mutated these residues, 
individually or in combination, to glycine and 
phenylalanine, respectively. As shown in Fig. 7.4, these 
mutations significantly reduced the X5 binding affinity to 
gp120 from JR-FL and 89.6, as well as to their complexes 
with soluble CD4. 

To further validate the docking model and help 
localize the X5 epitope, we generated a panel of 55 single 

A - 1 

0 

• X5Wt BX5Y111F OX5Y111FW105G «X5W105G 

Figure 7.4: Site-directed mutants of X5 (W105G, Y111F 
and W105G/Y111F) and their gp120-binding activities in 
comparison with that of wild type Fab. Binding of the wild 
type and mutant X5 Fab to soluble recombinant HIV 
envelope (JR-FL and 89.6 gp120) and Env-CD4 complexes 
was performed by using 96-well Nunc-lmmunoTM 
MaxisorpTM surface plates as previously described (7). 

amino acid gp120jR.csF alanine mutants (22, 28) (Table 
7.2). The mutagenesis was directed by the docking model 
of Fab X5 and structural information on the CD4i epitope 
recognized by 17b (12, 13). Relative affinities were 
determined by comparing the half-maximal binding 
concentration for each mutant (complexed with sCD4) to 
that for wild-type gp120jR-csp (complexed to sCD4) (Table 
7.2). For all mutants we also investigated the binding of 
CD4-lgG2. Eight of the single alanine substitutions 
resulted in a 3-fold or greater reduction in the apparent 
binding affinity of Fab X5 compared to wid-type gp120jR. 
CSF. Alanine substitution of residues C119 and K207 may 
affect the overall structure of gp120 as residue C119 is 
involved in the formation of a disulfide bridge (with residue 
C205) and residue K207 forms a salt bridge with residue 
E381 thus stabilizing relative orientation of the inner and 
outer domain of gp120 (12, 24. 25). Residues M426, 
W427, V430 and G473 have been implicated as contacts 
residues for CD4 (12): mutations of these residues 
significantly affected CD4 binding (22, 25). The reduced 
CD4 binding could account for the observed reduction in 
X5 binding. The two remaining substitutions I423 and 
K432 did not significantly affect CD4 binding and may 
therefore directly interact with X5. which is in agreement 
with the prediction of the docking model. 

Proposition of X5 epitope 
The agreement between the results obtained by two 
independent approaches, computational docking and site-
directed mutagenesis, strongly suggest that the X5 
epitope is in close proximity to the CD4- and coreceptor-
binding sites, as previously hypothesized based on the 
results from competition studies of X5 and hmAbs with 
known specificities (17). The proposed location of the X5 
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Table 7.2. Binding of X5 to alanine scanning mutants of gp120jR.CsF complexed with CD4. Mutants with more than 3-
fold decrease in X5 binding are highlighted in bold face. 
Mutant gp120 domain Relative affinity Mutant gp120 domain Relative affinity 
wt ' 
C119A 
V120A 
K121A' 
L122A 
T123A J 

L125A3 

V127A 
T198A 
S199A3 

V200A' 
I201A 
T202A 
Q203A' 
K207A 
S256A » 
T257A ; 

R298A 
N339A 
P363A 
S365A ' 
G366A ' 
G367A J 

D368A • 
P369A ' 
E370A • 
N386A 
N392A 

C1(V1 A/2 stem) 
C1(V1 A/2 stem) 
C1(V1 A/2 stem) 
C1(V1A/2stem) 
Cl(V1/V2stem) 
C1(V1 A/2 stem) 
C1(V1 A/2 stem) 
C1(V1 A/2 stem) 
C1(V1 A/2 stem) 
C1(V1/V2stem) 
C2 
C2 
C2 
C2 
C2 
C3 
C3 
C3 
C3 
C3 
C3 
C3 
C3 
C3 
V4 

100 
14 

132 

' 2 5 

122 
' 1 5 

1 BO 

56 
•72 
63 
155 
169 
161 
128 
0 2 
40 

93 

62 
77 
76 

152 
108 
51 
54 

107 
54 
91 
36 

P417A 
R419A' 
I420A' 
K421A' 
Q422A 
I423A 
I424A 
N425A 3 

M426A 
W427A 
Q428A B 

E429A J 

V430A 
G431A 
K432A 
M434A ' 
Y435A' 
P437A 
R469A 
P470A 
G471A 
G472A 
G473A 
D474A 3 

M475A 
R476A 
D477A 
W479A 

C4 
C4 
C4 
C4 
C4 
C4 

'•34 

C4 

C4 

C 4 

C4 

C4 
I 4 

C4 
C4 

C 4 

C4 
C4 
V5 
V5 
V5 
C5 
C5 
C5 
C5 
C5 
C5 
C5 

133 
105 
83 
60 
66 
0.1 
150 
107 
27 
0.4 
91 
111 
0.2 
14. 
27 
85 
60 
83 
53 
50 
62 

78 
5.6 
160 
o2 
78 
87 

83 
a Residue numbering scheme is based on the sequence of prototypic HxBc2 gp120 glycoprotein. 
c C, constant domain: V. variable loop. c Calculated using the formula: [apparent affinity (wild type)/apparent affinity 
(mutant)] x 100%. where apparent affinities were calculated as the antibody concentration at 50%-maximal binding ! wild 
type JR-CSF gp120. ' Residues involved in maintaining the overall structure of gp120. ' Residues that exhibit decreased 
solvent accessibility in the presence of Fab 17b in Ihe ternary complex 9 Residues that exhibit decreased solvent 
accessibility in the presence of sCD4 (D1D2) in the ternary complex. 

epitope is shown in Fig. 7.5. For comparison, the 

functional footprints of CCR5 (24) and 17b (25). and the 

17b epitope (12, 13) are also depicted. In agreement with 

previously published results, the proposed X5 epitope 

overlaps that of 17b. The X5 epitope is likely very close to, 

but does not overlap with, the CCR5 footprint. The X5 

epitope is also very close (closer than the 17b epitope) to 

the CD4-bindmg site, but does not overlap it (see also Fig. 

7.3). 

To investigate the possibility for direct 

interactions between X5 and CD4, we measured the 

binding affinity of X5 to the complex of gp120 with a 

functional CD4 mimetic (CD4M33) (14) that has 27 amino 

acid residues and a sequence unrelated to CD4. The rate 

constants of binding, k0n, of X5 to gp120jR-FL complexes 

with two-domain soluble CD4 and that with CD4M33 were 

comparable (kcr, = 2.5x10= and 1.0x105 M 's ' , 

respectively) and those of dissociation, kon, were identical 

(ko« = 0.5x104 s !) with similar affinities (the equilibrium 

dissociation constant K3 = 0.2 and 0.5 nM, respectively). 

Similar results were obtained with the antibody A32 that 

enhances binding of X5 to gp120 to about the same extent 

Figure 7.5: Comparison of functional footprints on gp120 as defined by site-directed mutagenesis. A) X5 (this work), 
B) CCR5 (24), and C) 17b (25). The coordinates (1G9M (12)) of gp120 are from the Protein Data Bank. Green outline in 
panel A illustrates the contact area of X5 as suggested by molecular docking experiment, and green outline in panel C 
illustrates the contact area of 17b as seen in the crystal structure of gp120-CD4-17b (12). 
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Figure 7.6: Space-fi l l ing model showing the 
conservat ion of gp120 residues in the region of X5 
binding (417-434). Sequence alignment of 60 diverse 
primary immunodeficiency viruses was done using RPS-
BLAST (CCD version 1.60. National Institutes of Health) 
Residues colored in red (423 and 432. in the proposed X5 
epitope) or m green (417. 418. 420, 422, 425, 427, 430 and 
431) are highly conserved (>80% identity), those in cyan 
(419, 421. 424 and 428) are partially conserved (>90% 
conservation of charge and hydrophobicity). and those in 
yellow (426. 429, 433 and 434) are not conserved. 

also applied to X5 and result in new inhibitors of potential 
therapeutic utility. Recently, it has been demonstrated 
that, for some HIV-1 isolates, the neutralizing activity of 
lgG1 X5 is significantly lower than the activity of Fab and 
scFv X5 likely due to spatial constraints at the virus/cell 
interface (Chapter 6). Therefore, the use of the X5 
epitope or its mimics as vaccine immunogens that elicit 
lgG1 X5 alone may not lead to effective HIV-neutralizing 
humoral responses. However, in combination with vaccine 
immunogens that can elicit antibodies able to induce the 
X5 epitope before the HIV binding to CD4, the X5 epitope 
could be a component of effective vaccine immunogens. 
These observations and our model of the X5 epitope 
should be taken into accounts when designing HIV 
vaccine immunogens. Finally, the X5 epitope is a very 
attractive target for small molecule inhibitors. 
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Coordinates. The coordinates and structure factors will 
be deposited in the Protein Data Bank and released upon 
the publication of this work. 

as soluble CD4 (data not shown). These results indicate 
that, although X5 is very close to the CD4-binding site, 
specific interactions between CD4 and X5 are unlikely to 
contribute to the binding of X5 to the gp120-CD4 
complexes. Interestingly, in the presence of CD4 (and also 
CD4M33), X5 binds to gp120LAI (GenBank accession 
code A04321) with a 1000-fold reduction in affinity (Kd = 
14.2 uM), as a consequence of a 1000-fold faster 
dissociation phase (koft = 0.025 s-'). This envelope 
glycoprotein presents F423 instead of I423. This 
substitution, which does not affect CD4 binding, supports 
the critical role proposed for I423 in the binding of X5 to 
gp120. 

To begin to understand the basis for the cross-
neutralizing activity of X5. we analyzed the extent of 
conservation of gp120 residues I423 and K432 (Fig. 7.6). 
Sequence alignment of 60 Envs from diverse HIV-1, HIV-2 
and SIV isolates (Fig. 6) suggests that residues I423 and 
K432 are highly conserved. Furthermore, these residues 
are located in a highly conserved area of residues (417-
434) (Fig. 7.6), suggesting the possibility for a conserved 
three-dimensional framework. 

The conserved nature of the X5 epitope implies 
a possible role in the mechanism of HIV entry and 
suggests the possibility for its use as a target for 
developing HIV entry inhibitors with broad inhibitory 
activity. The protruding and hook shape of CDR H3 may 
also represent a structural model useful to develop small 
molecule inhibitors. Approaches aiming to reproduce this 
structure in small molecular systems, similar to those 
recently used to develop a potent CD4 mimic (14), may be 
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CHAPTER 8 

The identification and epitope mapping of broadly neutralizing anti-HIV-1 antibodies (Abs) is important for 
vaccine design, but, despite much effort, very few such Abs have been forthcoming. Only one broadly 
neutralizing anti-gp41 monoclonal (m)Ab, 2F5, has been described. Here we report on two mAbs that recognize a 
region immediately C-terminal of the 2F5 epitope. Both mAbs were generated from HIV-1 seropositive donors, 
one (Z13) from an antibody phage display library, and one (4E10) as a hybridoma. Both mAbs recognize a 
predominantly linear, relatively conserved epitope, compete with each other for binding to synthetic peptide 
derived from gp41, and bind to HIV-1 MN virions. By flow cytometry, these mAbs appear to bind relatively weakly 
to infected cells and this binding is not perturbed by pretreatment of the infected-cells with soluble CD4. Despite 
the apparent linear nature of the epitopes of Z13 and 4E10, denaturation of recombinant envelope protein 
reduces the binding of these mAbs, suggesting some conformational requirements for full epitope expression. 
Most significantly, Z13 and 4E10 are able to neutralize selected primary isolates from diverse subtypes of HIV-1 
(e.g., subtypes B, C and E). The results suggest that a rather extensive region of gp41 close to the 
transmembrane domain is accessible to neutralizing Abs and could form a useful target for vaccine design. 

Introduction 
Eliciting broadly neutralizing antibodies (Abs) to 

HIV-1 is a major goal of vaccine research but one that has 
proved extraordinarily elusive (8, 11. 78). This probably 
reflects the low antigenicity and immunogenicity of the 
HIV-1 envelope spike and most especially of relatively 
conserved regions of the spike. It is clear that much of the 
protein surface of the gp120 and gp41 protein molecules 
in the heterotrimeric envelope spike (gp120j-gp4l3) is 
directly or indirectly occluded from Ab binding by protein-
protein interaction. Thus, for example, extensive surfaces 
on gp41 appear to be involved in interaction with other 
gp41 molecules and with gp120 (62, 63). Reciprocally, a 
portion of the surface of gp120 is occluded by the 
interaction with gp41, and by trimer formation (28, 32, 76, 
77). The relatively low immunogenicity of HIV-1 envelope 
trimers is also inferred from the low titers of neutralizing 
Abs, particularly cross-isolate neutralizing Abs, elicited 
during natural infection (31. 39. 40). This follows since a 
good correlation has been established between Ab 
neutralization and binding to envelope spikes, at least for 
T-cell line adapted viruses (49, 56, 61), suggesting that 
the deficit in neutralization originates from a deficit in spike 
binding. Low immunogenicity presumably arises, at least 
in part, from the weakly stimulating properties of the 
exposed regions of the envelope trimer. These include 
extensive regions of carbohydrate. A caveat here is that 
one cannot generally be sure of the eliciting antigen: Abs 
reactive with the trimer may have been elicited by other 
forms of envelope such as monomeric gp120 or gp160. 

The most conserved functional sites on gp120 
within the envelope spikes appear to evade Ab recognition 
and do so most likely via multiple mechanisms. The CD4 
binding site is a narrow, recessed cavity to which antibody 
access on the trimer is severely limited (51). Only one 
monoclonal (m) Ab (b12) against an epitope overlapping 
the CD4 binding site has been described that potently 
neutralizes a range of isolates. The coreceptor binding site 
on gp120 is only revealed following CD4 binding, and 
allows interaction with Abs such as 17b and 48d (55, 69). 
However, these mAbs do not neutralize primary HIV-1 in 
the absence of soluble (s)CD4 suggesting the revealed 
epitopes have restricted accessibility to Ab during 
envelope activation and fusion. A large part of the surface 
of gp120 is covered by carbohydrate (particularly on the 
so-called "silent face") and is unlikely to stimulate an Ab 

response. Nevertheless, a broadly neutralizing mAb 
(2G12) has been described (71) that recognizes an 
epitope, consisting at least in part of carbohydrate chains, 
at the junction of the silent and neutralizing faces. 

Gp41 appears to be almost completely occluded 
from Ab recognition in the HIV-1 envelope spike (60, 62, 
63). Only one neutralizing mAb (2F5) binding an epitope 
at the C-terminal part of the extracellular domain of gp41 
has been described (45). This mAb neutralizes a broad 
array of primary HIV-1 (16, 20, 70). Binding involves the 
linear sequence ELDKWA as defined by numerous 
studies (7, 45, 53). However, attempts to elicit Abs having 
the properties of 2F5 by immunization with this peptide 
sequence expressed in a number of contexts have failed 
(15, 23, 35, 44). This has led to the hypothesis that the 
recognition of ELDKWA by 2F5 is critically dependent 
upon the environment in which it is present on gp41 in the 
trimer, or that ELDKWA is not the complete epitope. The 
binding of 2F5 to envelope spikes on infected cells as 
measured by flow cytometry is relatively weak as 
compared to for example b12 and 2G12. This has invited 
speculation that the epitope for 2F5 may be best 
presented on a fusion intermediate form of gp41 (27), 
though this remains controversial. 

The potent and broadly neutralizing mAbs b12, 
2G12 and 2F5 are all unique Abs, whose specificity has 
not been replicated despite the huge number of mAbs that 
have been generated against HIV envelope. This has 
raised concerns about the feasibility of eliciting these 
specificities by vaccination. Here we describe two human 
mAbs that recognize a region immediately adjacent and 
C-terminal to the 2F5 epitope on gp41. The mAbs show 
considerable cross-isolate neutralizing ability and 
emphasize the membrane-proximal extracellular region of 
gp41 as a promising target for vaccine design. 

Materials and methods 

Materials. The following materials were obtained from the NIH AIDS 
research and reference reagent program (NARRRPI: peptides from 
gp160i.w including numbers 2015. 2016, 2017, 2030, 2031. 2032. and 
2047 (>80% pure by HPLC: contributed by Anaspec Inc.; see Table 8.1); 
HIV-1 isolates including 92RW009, 92RW026. DJ259. JR-FL. SF2. 
DH123. HC4. 2044, 2076 cl.3, NL4-3, 89.6, MN. HxBc2. 94ZW109. 
94ZW106. DJ258. ZAM20. DU151. 92BR025, 92UG035. UG270. 
92UG024, CM235, 92TH001, BZ162. R1. RU570. G3 (contnbuted in 
some cases by trie WHO network for HIV-1 isolation and 
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Table 8.1: Amino acid sequences of peptides used in 
th is study 

Peptide' AA Sequence 

MN peptides 

2015 TKAKSP.VVQRSKRAAIGA1.F 
2016 LGFLGAAGST 
2017 GAAGSTMGAAS 
2030 fflTQQE! Sï . ELLELDKWASL 
2031 LLELDKWASLWNWFDITNWLW 
2031C LLÏLDKWASLWNWFDITNWLWG 
2032 DITNWLWY;r : 
2047 5TDRVIEVLQRAGRAI 
Other 
ND Ac-NWFDITK-NH;" 
KGND KGWNWFDITNWGK-NH.. 
SIVmac239 (671-690) KLNSWDVFGNWFDLASWIKY 

'see Materials and Methods for sources of peptides. 
'Ac-, N-terminus is acetylated: -NH2. C-terminus is 
amidated 

characterization); sCD4 (aa 1-370; contributed by Dr. N. Schuelke); 
U87R5 cells (#4035; contributed by Dr. HongKui Deng and Dr Dan 
Littman). The peptides 2031c, ND and KGND were synthesized by 
Multiple Peptide Systems (San Diego, CA; >90% pure by RP-HPLC); 
their amino acid sequences are shown in Table 1. The human mAb 50-
69 (26) was a gift from Susan Zolla-Pazner (New York University, NY), 
human anti-HLA (DR) mAb L-243 was obtained from Luc Teyton (TSRI), 
murine mAb T3 was provided by Pat Earl (NIAID, Bethesda. MD). 
Recombinant gp120jR.R was kindly donated by Bill Olson and Paul 
Maddon (Progenies, Tarrytown, NY), gp41(INT);na (99.5% pure) was 
purchased from Intracel (Issaquah, WA) and is produced in E. coli; 
gp41(VT)i:B (aa 546-682. >95% pure) was purchased from Viral 
Therapeutics Inc. (Ithaca, NY) and is produced in Pichia pastoris. HIVIG 
was provided by John Mascola (VRC. Bethesda, MD). Highly 
concentrated (1000X in TNE) and purified HIV-V; particles "MN-1000x" 
were generously provided by Larry Arthur (Clone 4-12, Lot P3423, NCI-
Frederick Cancer Research Facility. Frederick, MD). HIV-1-neutralizmg 
serum from patient FDA-2 (50) was prepared from blood drawn on 
09/29/99. 

Isolation of Z13 Fab from a phage display library The Fab libraries 
from the patient, FDA-2, were prepared essentially as desenbed (2,3.9) 
except that a lgG3-specific pnmer (1963. 5'-TGTGTGACTAGTGT-
CACCAAGTGGGGTTTT-3') was used in addition to the lgG1-specific 
primer (3). The RNA was prepared from 5 ml of bone marrow (drawn in 
Aug 1996) from an HIV-1-seropositive individual with exceptionally broad 
HIV-1 primary isolate neutralizing Ab titers (patient FDA-2) (24, 40. 50, 
73) and used to prepare libraries of >10? clones using the phagemid 
pComb3H as a vector (2, 3, 9). Two separate Fab phage libraries were 
prepared, one with kappa light chains, and one with lambda light chains. 
In addition, we prepared single-chain Fv libraries essentially as desenbed 
(3) except that a redesigned primer sel based on Sblattero et al (64) was 
used (DRB, PWHIP, unpublished data) Libranes of either kappa or 
lambda light chain variable region fragments were combined separately 
with the variable region fragments from heavy chains primed by a 
generic IgG cDNA primer. The libraries were subjected to six rounds of 
affinity selection against the MN peptide, 2031 (LLELDKWASLWN
WFDITNWLW). The enriched Fab phage pools were engineered to 
secrete soluble Fab and positive clones identified by ELI5A by screening 
bacterial supernatants against the 2031 peptide. 

For affinity-selections against vmon particles of HIV-1 (MN-
1000x), microwells were coated overnight at 4'C with 50 pi PBS 
containing 2 pg/ml of the anti-HLA mAb L-243. washed twice with PBS 
containing 0.05% Tween 20, and blocked with 4% non-fat dry milk 
(NFDM) for 1 h at 37'̂ C (48). The wells were washed twice with PBS 
alone. MN-1000x (diluted 1:4 in 50 pi PBS containing 1% BSA) added, 
and the plate incubated for 2 h at 37CC The wells were washed three 
times with PBS, and the phage library (-10'' phage diluted in 50 pi PBS 
containing 1% BSA) was added. After the plate was incubated for a 
further 2 h at 37;C, the wells were washed (twice, twice, five times, five 
times, ten times, and ten times for rounds 1 through six, respectively) 

and phage eluted as described (2, 48). A total of six rounds of panning 
on MN virus was performed before clones were screened as above. 

Preparation of purified Fab fragments. A single colony of each Fab-
expressing clone was used to inoculate 8 I of superbroth (for 11:10 g of 
3-(N-morpholino)propanesulfonic acid, 30 g of tryptone, and 20 g of 
yeast extract [pH 7.0]) containing 20mM MgCb. tetracycline (10 pg/ml) 
and carbenicillin (50 pg/ml). The flasks were incubated at 37°C while 
shaking at 250 rpm until an optical density (O.D. at 600 nm) of 0.8 was 
reached, after which time 1 mM isopropyl-0-D-thiogalactopyranoside was 
added to each culture. These cultures were then incubated for a further 
16 h at 30°C. The cultures were pelleted by centrifugation at 8.000 rpm 
for 15 min in a Sorvall SLA-3000 rotor at 4"C, and the pellets 
resuspended in 30 ml of PBS containing phenylmethylsulfonyl fluoride 
(0.3 pM). The bacteria were lysed by sonication (Misonix sonicator. 1/2" 
horn) four times at 50% cycle time (power 7 for 20 s) The bacterial 
debris was centrifuged at 17,000 rpm in a Sorvall SS-34 rotor for 35 mm 
at 43C and stopped without braking. The supernatant was filtered (0.8 
pm. then 0.2 pm), and then loaded onto a 5 ml rabbit anti-human Fab 
column, pre-equilibrated with PBS. The Fab was eluted with 0.2 M 
glycine-HCI pH 2.2. neutralized with 2 M Tris base pH 9.0, concentrated 
with a Centriprep YM-30 concentrator (Millipore Corp.. Bedford, MA), and 
dialyzed against PBS pH 7.0. 

ELISAs. Microplate wells (Corning, Corning, NY) were either coated 
overnight at 4~C with 50 pi PBS containing synthetic peptide (4 pg/ml), 
gp41(VT)me (2 pg/ml). SOS-gpUOjna (6) (6 pg/ml), gp160(PS)niB (4 
pg/ml); all other antigens were coated at 4 pg/ml. In cases requiring 
denaturation, proteins were diluted in 1% SDS and 50 mM dithiothreitol 
(Sigma, St. Louis. MO), boiled for 5 mm, then diluted 1:10 in PBS prior to 
coating microplate wells (5). Wells were washed twice with PBS 
containing 0.05% Tween 20. and blocked with 3% BSA for 1 h at 37°C. 
After a single wash, mAbs were added to the wells in PBS containing 1% 
BSA, and 0.02% Tween. and allowed to incubate at 37°C for 2 h. The 
wells were washed four to five times, and goat anti-human IgG F(ab'):? 
alkaline phosphatase (Pierce. Rockford, IL) diluted 1:500 in PBS 
containing 1% BSA was added and the plate incubated for 40 min at 
room temperature. The wells were washed five times, and developed by 
adding 50 pi of alkaline phosphatase substrate, prepared by adding one 
tablet of disodium p-nitrophenyl phosphate (Sigma) to 5 ml of alkaline 
phosphatase staining buffer, pH 9.8. according to manufacturer's 
instructions. After 30 min. the O.D. at 405 nm was read on a microplate 
reader (Molecular Devices). 

For competition ELISA, 45 pi of the competing mAbs were 
added to the blocked and washed wells, followed by the addition of 5 pi 
of biotinylated (BIO) mAb previously determined to result in an ELISA 
signal that was 50-75% maximum without competitor. The wells 
containing BIO mAbs were blocked and washed as above, probed with a 
streptavidin alkaline phosphate conjugate (Pierce) diluted 1:3000 in 1% 
BSA containing 0.025% Tween 20. and detected as above. 

For virus ELISA, microwells were coated overnight at 4'-'C 
with 50 pi PBS containing 2 pg/ml of the anti-MHC mAb L-243, washed 
twice with PBS containing 0.05% Tween 20, and blocked with 4% NFDM 
for 1 h at 37 C. The wells were washed twice with PBS alone, MN-1000x 
(diluted at various concentrations in 50 pi PBS containing 1% BSA) 
added, and the plate incubated for 2 h at 37"C. The wells were then 
washed three times with PBS, the mAbs added and the plate incubated 
for 2 h at 37-C. The wells were washed four more times with PBS and 
probed with goat anti-human IgG F(ab'):. alkaline phosphatase (Pierce) 
incubating for 1 h at 37°C. After washing the wells four times, the wells 
were developed with substrate as above. 

Screening of gp160 phage-displayed fragment library A fragment 
library of the gene encoding gp160 (HxBc2) was prepared, essentially as 
described previously (75). Briefly, a Kpnl-BamHI fragment of the gp160 
gene encoding most of gp120 (except the first 12 amino acids) and the 
gp41 ecto- and transmembrane domains was cut from the vector 
pSVIIIenv HXBc2 (provided by Joe Sodroski) (68) and cloned into the 
pUC19 vector (81). The plasmid clone containing both pUC19 vector 
sequences and gp160 DNA was randomly digested with Dnasel The 
resulting fragments were blunt-end ligated in three separate reactions to 
a flanking sequence containing a Sffl endonuclease restnction site and 
encoding either a GG. GC or PP linker sequence, respectively. The three 
ligation products were separated using 10% TBE-PAGE (Biorad, 
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Hercules. CA), and fragments in the range of 50-250 bp were electro-
eluted from gel slices. The fragments were cut with Sfil and cloned into 
the vector pFRAG. which is a modified version of pComb3 (75). The Sfil 
cloning site in pFRAG is located immediately upstream of gene 3, 
enabling expression of a library of gp160 fragments linked to pill on the 
surface of bacteriophage M13. The three libraries each contained 6-7 
x10T independent clones For the initial round of affinity-selection, 
approximately 10'' clones from each linker-library were separately 
panned, and then pooled for subsequent rounds. The panning was 
performed as described for the Fab-phage libraries using stringent 
washing throughout (10 washes over the course of an hour with PBS 
containing 0.1% Tween 20) and continued for a total of four rounds. 

Flow cytometry All experiments with live HIV-1 were performed in a 
biosafety level 3 (BSL-3) facility. Experiments were performed essentially 
as described by Sattentau et al. (63). Briefly, H9 cells were infected with 
MN or HxBc2 virus and grown for -10 days at 37°C in RPMI 1640 
medium (GibcoBRL, Rockville, MD) containing 10% heat-inactivated fetal 
bovine serum (FBS). The infected cells were centrrfuged at 800 x g for 5 
min and resuspended in FACS buffer (PBS containing 1% FBS and 
0.05% sodium azide) at 7 x106 cells per ml. The cell suspension was 
divided into two equal portions. To one portion sCD4 (NARRRP) was 
added to a final concentration of 25 pg/ml, the other portion was left 
untreated. The cells were incubated for 1 h at 37°C while slowly rocking. 
The cells were washed once in FACS buffer, distributed into microwells 
in 30 pi aliquots. treated with Abs at 100 ug'ml (except mAb 50-69, 20 
pg/ml) and incubated for 2 h as above. The cells were washed twice, 
fixed with 1% formaldehyde in PBS, and washed another two times. The 
cells were incubated for 1 h at 4°C in the presence of the F(ab'):-
fragment of goat anti-human IgG F(ab>FITC conjugate (Jackson 
ImmunoResearch Laboratories Inc., West Grove, PA) diluted 1:100 in 
FACS buffer. The cells were washed twice, and analyzed with a 
FACSCalibur flow cytometer (Becton Dickinson, San Jose, CA) with 
CellQuest software (Version 3.1f). A total of 10 000 events were 
measured per sample. Values are reported in median fluorescent 
intensity units. 

Neutralization assays. Protocol A. 4E10 screen against a panel of 
isolates of HIV-1. Human PBMCs were stimulated in three separate 
pools treated either with PHA at 5 pg/ml, PHA at 0.5 pg/ml or anti-CD3. 
After 3-days stimulation, the pools were mixed immediately prior to their 
use in the assay. Aliquots (100 pi) of PBMCs (2 x 105 cells per ml) were 
mixed with mAbs in flat-bottom plates and the mixture incubated for 7 
days. The presence of p24 was then determined by ELISA using the Ab 
EH12E-1. which was diluted 1:800 in Tns-buffered saline containing 20% 
sheep serum, and 0.05% Tween 20, and color development was 
achieved using TROPIX substrate (CSPD). All experiments were 
performed at least twice using duplicate samples. 
Protocol B. Side-by-side comparison of Z13 with the other anti-HIV-1 
mAbs. Neutralization against primary isolates was assessed using PHA-

activated PBMC as indicator cells and determination of p24 antigen 
production as the endpoint. PBMC were isolated and stimulated with 
PHA (5 pg/ml) for 48 firs followed by PHA and IL-2 (40 U/ml) for 72 hrs in 
RPMI 1640 containing 10% heat-inactivated FBS. 100 U/ml penicillin, 
100 pg/ml streptomycin and 2 mM L-glutamine. The Abs were diluted 
and 50 pi per well were pipetted in round bottom microliter plates, after 
which an equal volume containing 100 TCIDw of primary isolate stock 
was added The Ab-virus mixture was incubated for 1 hr at 37'C. Next, 
100 pi PHA-activated PBMC (5 x 105'ml) were added to each well. The 
calculated neutralization titers refer to the Ab concentration present 
during this incubation step. After an overnight incubation, the cells were 
washed two times with tissue culture medium On day 4, 100 pi of the 
medium was replaced with fresh tissue culture medium. On day 7, the 
cultures were collected and treated with 1% v/v Empigen (Calbiochem). 
Triplicate samples were then tested for p24 content using an "m-house" 
ELISA. as originally described by Moore et al. (41) In brief, sheep anti-
gp120 Ab D7320 (Aalto Bioreagents) was coated overnight on 96-well 
polystyrene EIA plates (Costar) in 100 mM NaHCOs pH 8.5. The plates 
were washed in PBS and p24 was captured from serial dilutions of the 
HIV-1 containing samples in PBS/0.1% Empigen. After a 3 hr incubation, 
unbound p24 was washed away and bound p24 was detected with 
alkaline phosphatase-labeled Ab BC1071 (International Enzymes) diluted 
1:3,000 in PBS containing 20% sheep serum and 2% NFDM. After a 1 h 
incubation, the plates were washed and developed with an AMPAK kit 
(Dako Diagnostics) as recommended by the manufacturer. Production of 
p24 antigen in the Ab-containmg cultures was compared to p24 
production in cultures without Ab run in the same assay and the Ab 
concentrations resulting in a 50% and 90% reduction in p24 content were 
determined. 

Results 

Identification of Fab Z13 
In previous studies it was found that serum, 

drawn from the donor FDA-2, had exceptionally broad 
neutralizing activity against HIV-1 (24,40, 50, 73). For this 
reason, Fab phage libraries were prepared from the bone 
marrow of this patient using primers amplifying the heavy 
chains of the lgG1 and lgG3 isotypes, and lambda and 
kappa light chains. Two single chain (sc)Fv phage libraries 
(FDA-2) were also prepared using a generic first strand 
cDNA IgG primer for the heavy chains; one library 
contained lambda light chain fragments, and the other 
kappa light chain fragments. The FDA-2 libraries, as well 
as four other Fab-phage libraries prepared from bone 

Heavy chains 

- . • 

Kappa light chains 

. . 
- .. 

-

-

. • . • • 

Lambda light chains 

• ' - • 

. . . • ' 

. : • • : 

"Z13A3 is a scFv 

Figure 8.1: Deduced amino acid sequences of the variable regions of Fabs selected against MN peptide 2031 from 
FDA-2 kappa and lambda phage-display libraries. 
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marrow of HIV-1 infected individuals (RW, L, P and M) 
(46, 50) were selected against the MN peptide, 2031. The 
2031 peptide (Table 8.1) contains the amino acid motif 
ELDKWA that corresponds to the core-epitope of the 
potent and broadly HIV-1-neutralizing mAb 2F5 (53). 
Following six rounds of affinity-selection, 2031-specific 
clones were identified from both FDA-2 Fab-libraries, and 
the lambda scFv-library; none of the other libraries yielded 
2031-specific clones. As shown in Fig. 8.1, a number of 
clones, isolated from independent libraries, share a similar 
heavy chain with a number of point mutations found 
throughout the variable region. Fig. 8.1 also reveals that a 
single clone, designated Z13 (K), was enriched from the 
kappa library whereas three different clones having unique 
light chains were selected from the lambda libraries (two 
from the Fab library and one from the scFv library). This 
indicates that there is considerable heavy chain 
promiscuity for this mAb. which is not uncommon for Fabs 
isolated from phage-display libraries (4). 

In a separate panning experiment, the FDA-2 
Fab-phage libraries were selected against whole HIV-1 MN 
virus (MN-1000x), in an attempt to isolate Fabs able to 
bind to surface-exposed epitopes on HIV-1 particles. After 
six rounds of affinity-selection, 2 out of 30 clones selected 
for sequencing were identical to Z13 (K). This indicates 
that the epitope to which Z13 (K) binds is available in 
some form on captured MN virions. This was later verified 
using soluble Fab Z13 (K) in a whole-virus ELISA (see 
below). A side-by-side titration of purified Fab Z13 (K) and 
one Fab from the lambda library (Z13A1) revealed that the 
Z13 (K) clone bound the 2031 peptide with slightly greater 
affinity (half-maximal binding at -0.2 ug/ml; see Fig. 8.2). 
Due to the slightly stronger binding of Z13 (K) for 2031. 
and the fact that Z13 (K) phage was also selected in the 
HIV-1MN panning, Z13 (K) was chosen for further study; 
Z13 (K) is referred to as Z13 below. Sequence analysis in 
the CH1 region of Z13 indicates that it is derived from the 
lgG1 isotype. The HCDR3-loop of Z13 contains largely 
hydrophobic residues and is 17 aa in length. The VH gene 
for Z13 is from the VH4 family, the J segment belongs to 
the JH6 family, and no alignment for the D segment was 
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Figure 8.2: ELISA binding curve of Fab Z13 (K) and Fab 
Z13A1 against immobi l ized 2031 peptide. O.D., optical 
density. 

found using available databases (IMGT. http://imgt.cnusc. 
fr:8104/dnaplot/, and V-base, http://www.mrc-cpe.cam. 
ac.uk/imt-doc/public/INTRO.html). The kappa light chain of 
Z13 derives from the VK3 family with a J segment that 
most closely aligns to the JK1 family. 

Specificity of Fab Z13 and comparison with IgG 4E10 
We noticed in early experiments that another 

anti-gp41 mAb 4E10, generated by combined poly
ethylene glycol/electrofusion of PBMC from a seropositive 
donor and heteromyeloma cells (7), reacted strongly with 
peptide 2031, even though it had been tentatively mapped 
to another epitope on gp41 (7). To explore the antigenicity 
of this peptide in more detail, a series of overlapping 
peptides and other protein antigens were tested for 
binding to Fab Z13, IgG 4E10 and IgG 2F5 by ELISA. As 
shown in Fig. 8.3A, 8.3B and 8.3C, all three mAbs bind 
strongly to MN-peptide 2031c, whereas none of the mAbs 
bind significantly to an SIV peptide analogous to 2031 
(SIVmac239, aa 671-690). In contrast to the other two 
mAbs. 2F5 also binds tightly to the MN-peptide 2030 (Fig. 
8.3C), consistent with previous studies in which the core 
of the epitope for this mAb was identified as the linear 
sequence. ELDKWA (7,45,53). IgG 4E10 exhibits some 

D — 2030 

— < • — 2031 

— O - - 2032 

A SIVmac239 (671-690) 
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— © — NFDM 

V gp120 (JR-FL) 

Figure 8.3: The specif ici t ies of Fab Z13, IgG 4E10 and IgG 2F5 for a range of immobil ized proteins and peptides by 
ELISA. Fab Z13 (A), IgG 4E10 (B), or IgG 2F5 (C) were titered against MN peptides 2030. 2031c, and 2032; the SIV 
mac239 peptide (aa 671-690): BSA: ovalbumin; non-fat dry milk (NFDM); or recombinant gp120jR K- O.D.. optical density 
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Figure 8.4: Competit ion ELISA using Fab Z13, IgG 4E10 and IgG 2F5 against their biot inylated (BIO) counterparts for 
recogni t ion of immobil ized MN 2031c peptide. Fab Z13 (BIO) (A), IgG 4E10 (BIO) (B), or IgG 2F5 (BIO) (C) were 
coincubated with various concentrations of competing mAb. and added to wells containing immobilized 2031c. Each data 
point represents the mean of duplicate samples. 

non-specific binding to a range of antigens at higher 
concentrations (e.g., 10 ug/ml) (Fig. 8.3B). which may be 
responsible for difficulties in prior attempts to map the 
4E10 epitope (7). We observed a similar weak binding of 
4E10, for example, to MN peptide 2047 containing the 
motif, AEGTDRV. to which 4E10 had been previously 
mapped (7) (data not shown). Significantly, neither Z13 
nor 4E10 bound to peptide 2032 (Fig. 8.3A and 8.3B), 
which, together with their lack of reactivity to 2030, 
suggests the core of the epitopes of these mAbs is C-
terminal to the 2F5 epitope but upstream of the C-
terminus of the 2031 peptide. No significant binding of any 
of the three mAbs was observed against the gp41«N 
peptides 2015, 2016, or 2017 (peptide sequences shown 
in Table 8.1; data not shown), and no binding of an 
irrelevant mAb (b12) was seen against peptide 2031 (data 
not shown). 

To further explore the overlapping nature of the 
Z13, 4E10 and 2F5 epitopes, these mAbs were 
biotinylated and used in competition ELISAs against 
immobilized 2031 peptide. The results clearly demonstrate 
that these mAbs compete with each other, albeit to 
differing degrees, for binding to peptide 2031 (Fig, 8.4A, 
8.4B and 8.4C). It is noteworthy that while 4E10 inhibited 
>90% of the signal generated by biotinylated (BIO) Fab 
Z13, 2F5 was only able to inhibit a maximum of 70% of 
the signal produced by Fab Z13 (BIO) on 2031. Although 
Z13 did not bind to NIB gp41 by ELISA (see below), partial 
competition between 2F5 and 4E10 for immobilized, 
recombinant gp41(VT)uiB was verified (Fig. 8.5A and 
8.5B), whereas an irrelevant mAb (KZ52) did not inhibit 
binding even at 250 ug/ml. The degree to which 2F5 and 
4E10 competed for each other against gp41, however, 
was less than the level of competition observed for these 
mAbs against immobilized 2031 (Fig. 8.4B and 8.4C). 
This result suggests the 4E10 epitope is presented 
somewhat differently on the peptide and gp41. Taken 
together, the results above suggest that Z13 and 4E10 
have closely overlapping epitopes, whereas the epitope 
for 2F5 only partially overlaps those of Z13 and 4E10. 

As mentioned above, in contrast to IgGs 4E10 
and 2F5, Fab Z13 did not recognize gp41 of the IIIB strain. 
Table 8.2 summarizes the reactivity of the three mAbs to 
different HIV-1 envelope proteins and peptides. The lack 
of binding of Z13 to gp41niB is likely due to the Asn 674 
residue: Asn 674 is an Asp residue in MN, JR-FL, and 
89.6 envelope proteins, which are all positively recognized 
by Z13. We also found that Fab Z13 binds specifically to 
gp41jR-FL by western blot (data not shown). Also 
summarized in Table 8.2 are the results of an ELISA in 
which 4E10, 2F5 and Z13 were used to probe two shorter 
peptides, ND and KGND. Indeed, Z13 reacted very well 
with the KGND peptide (roughly equal to the reactivity 
against 2031c) and also with the ND peptide although the 
binding was much weaker to the latter, shorter peptide 
derived from the sequence of the isolate JR-FL. MAb 
4E10 also recognized peptides KGND and ND, but the 
reactivity went in decreasing strength from 2031c to 
KGND and then weaker still to ND. In combination with the 
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Figure 8.5: Compet i t ion ELISA of IgG 4E10 and IgG 2F5 
against their biot inylated (BIO) counterparts for 
recognit ion of immobil ized gp41(VT)me. IgG 4E10 (BIO) 
(A) or IgG 2F5 (BIO) (B) were coincubated with various 
concentrations of competing mAb. and added to wells 
containing immobilized gp41(VT)i;iS. No competition was 
observed for either of the (BIO) mAbs using an irrelevant 
mAb. IgG KZ52. Each data point represents the mean of 
duplicate samples. 
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Table 8.2: Mapping the epitopes of anti-gp41 mAbs using synthetic peptides and recombinant proteins 

Antigen Amino acid sequence Reactivity by ELISA 

Peptides 
2030 (MN) 
2031 (MN) 
2032 (MN) 

KGND 
ND (JR-FL) 

SIVmac239 (671-690) 

Recombinant Proteins 

gp41(INT) ma 
gp41(VT)mB 

gp160(PS)„IB 

gpUOjH.cL, SOS-gp140jR.FL 

gP 140.39 6 

QTQQEKNEQELLELDKWASL 

LLELDKWASLïn-JWFDITNWLW 

DITNWI.W1 

_ DITNWGK-NH;. 

Ac-NWFDITK-NB 

A.^WIKY 

_ ^;.DKWASLWNWFNITMi";LV... 

.ILELDKKASLWNWrN OWi 

... LLE h DK WAS LWNW FNITN WLW... 

...LLELDKWASLWNWFDITNWLW...» 

...LLELDKWASLWNWFDITNWLW... 

Z13 

-
+ 
-
+ 
±b 

-

-
-
-
+ 
+ 

4E10 

-
+ 
-
+ 
+ 
-

+ 
+ 
+ 
+ 
+ 

2F5 

+ 
+ 
-
-
-
-

+ 
+ 
+ 
+ 
+ 

dsequence sometimes appears with a K at the underlined position; the K-variant was not tested. 
''±, weak reactivity by ELISA. 

results of the overlapping peptide analysis (above), the 
weaker binding of both Z13 and 4E10 to the shorter 
peptides strongly suggests that although the core epitopes 
of these mAbs are contained within the central region of 
peptide 2031, additional binding energy is provided either 
directly by flanking amino acid residues in 2031, or 
indirectly by these same residues providing a particular 
favored conformation of the central core epitope. 

Screening of an HxBc2 gp160 fragment expression 
library to define mAb epitopes 

We decided to further characterize the epitopes 
of the anti-gp41 mAbs by screening a gene fragment 
expression library. The gene fragment library contains 
random fragments of the HxBc2 (IIIB) env gene fused to 
gene 3 of the filamentous phage, such that the 
corresponding peptides are displayed on the surface of 
each phage clone in the library (library size ~107). The 
approach was possible for 4E10 and 2F5 which both 
recognize IIIB gp41, but not for Z13, which does not 
recognize this strain of HIV-1. In addition, we reasoned 
that since the core of the 2F5 epitope has been well 
defined, this would provide a measure of control on the 
approach. After four rounds of affinity selection with 
immobilized 4E10 or 2F5, random phage clones were 
tested individually by ELISA for reactivity with each of the 
mAbs, and the DNA sequences of positively binding 
clones were determined. The results of the selection are 
shown in Fig. 8.6A and 8.6B. In Fig. 8.6A, a minimal 
epitope of six amino acid residues (NWFNIT) for 4E10 
was identified by overlapping peptides displayed by 
positive clones. Also shown in Fig. 8.6A are two clones 
(selected with 2F5) that were not recognized by 4E10. and 
whose peptides do not have all six of the residues within 
the minimal epitope identified above. The results of this 
analysis are in good agreement with the ELISA results of 
Fig. 8.3B and Table 8.2 that place the epitope of 4E10 
proximal to the C-terminus of MN peptide 2031. In Fig. 
8.6B. a minimal epitope of 14 residues 
(EQELLELDKWASLW) for 2F5 was identified from the 

screening. This motif is longer than the minimal epitope 
identified from previous studies in which it was determined 
that the residues ELDKWA were sufficient for 2F5 binding 
(45). and that LDKW was a highly conserved core of the 
epitope (52). The presence of additional flanking residues 
in the overlapping peptides selected using 2F5 (under the 
highly stringent conditions used in this panning 
experiment) strongly suggests that these residues are 
directly or indirectly involved in binding to 2F5. 

Anti-gp41 mAb binding to HIV-1MN virions by ELISA 
The three mAbs Z13, 4E10 and 2F5, were next 

compared for their ability to bind to HIV-1MN virions. An 
ELISA was performed in which concentrated MN virus 
was first captured with an anti-MHC (class II) mAb, then 
probed with either Fab Z13, IgG 4E10, IgG 2F5, Fab b12 
(2) or a negative control, IgG KZ52 (36). Fig. 8.7 shows 
the results of this assay. Clearly, the best binding to 
captured-virus was seen with Fab b12, although the anti-
gp41 mAbs were also positive. This result is consistent 
with previous studies that show that 2F5 binds only 
weakly, compared to anti-CD4bs Abs, to envelope on 
virions and infected cells (63). This experiment shows that 
binding of Fab Z13 and IgG 4E10 to HIV-1 MN is significant 
and qualitatively similar to that of IgG 2F5. 

Anti-gp41 mAb binding to infected cells by flow 
cytometry 

Next, we wanted to compare Fab Z13, IgG 4E10 
and IgG 2F5 for their ability to bind to HIV-1 infected cells 
using flow cytometry. Fig. 8.8 summarizes the results of 
an analysis of both HIV-1 MN- (Fig. 8.8A) and HIV-1 H«BU-
infected H9 cells (Fig. 8.8B) probed with several anti-HIV-
1 mAbs following a 1 h preincubation in the presence or 
absence of sCD4 (25 ug/ml) at 37°C. In this analysis, 
4E10 generated a similar signal to that of 2F5 when used 
to probe both MN- and HxBc2-infected cells in the 
absence of a preincubation with sCD4. Fab Z13 bound 
weakly to MN-infected cells (IIIB-infected cells were not 
tested with Fab Z13) generating a signal approximately 
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Figure 8.6: Amino acid sequences of peptides affinity-selected from an HxB2 gp160 fragment library using IgG 
4E10 or IgG 2F5. The HxBc2 gp160 protein fragment phage display library was subjected to four rounds of panning using 
either IgG 4E10 (A), or IgG 2F5 (B), as selecting agents. Random clones were selected from the enriched pools of phage, 
tested for reactivity against IgG 4E10 and/or IgG 2F5 by ELISA, and the positive clones sequenced in the insert region. The 
residues that are in bold-text and underlined represent the minimal motif that is shared by overlapping peptides. 

twice that produced by an irrelevant control Fab. ELZ510. binding of other anti-gp41 mAbs. As shown in Fig. 8.9A, 
The pretreatment with sCD4 caused only a small the signal of 2F5 is enhanced by denaturation of SOS-
perturbation in the binding of Z13 and 4E10. something gp140jRa. The cluster I mAb 50-69, as well as the cluster 
which is also characteristic of 2F5 (63), and is in dramatic II Fab T3 (5), lost all ability to bind SOS-gp140jRFL when 
contrast to the large increase in binding that was seen this protein was denatured, whereas Z13 and 4E10 
with the anti-gp41 cluster I mAb, 50-69. showed intermediate behaviour. The results with 

gp41(VT)uiB and gp160(PS)mB were slightly different but 
Effect of denaturation of gp41 and SOS-gp140 on the trend was the same: 2F5 binding was slightly reduced 
binding of Fab Z13, IgG 4E10 and IgG 2F5 by ELISA (or enhanced) whereas the binding of 50-69 was greatly 

The results of the peptide mapping studies of diminished upon denaturation (see Fig. 8.9B and 8.9C); 
Z13 and 4E10. as well as the fragment library screening of the binding of 4E10 was intermediate in that it was 
4E10 suggest that these mAbs bind to predominantly reduced relative to that observed with 2F5 but the 
linear epitopes on gp41, just as has been proposed for reduction was less than observed with 50-69. These 
2F5 (45). In contrast to 2F5, cluster I, II and III mAbs experiments demonstrate that Z13 and 4E10 are 
against gp41 are sensitive to denaturation of this protein intermediate between 2F5 and cluster I (50-69) and II (Fab 
by ELISA (5). We compared the effects of denaturation of T3) mAbs with respect to sensitivity to the denaturation of 
SOS-gp140jRFL (6), gp41(VT)iiiB or gp160(PS)niB on the envelope protein, 
binding of mAbs Z13 and 4E10 with the effects on the 
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Figure 8.7: Binding by ELISA of Fab b12. IgG 2F5, IgG 
4E10, Fab Z13, and IgG KZ52 to various concentrations 
of HIV-1MN (MN-1000x) viral particles captured by 
human anti-HLA mAb, L-243. All mAbs were used at 10 
pg/ml. O.D., optical density. 

Analysis of amino acid diversity within the anti-gp41 
mAb binding epitopes 

The region of gp41 to which Z13 and 4E10 bind 
is relatively conserved among diverse isolates of HIV-1. 
The amino acid sequence. NWFDIT, lies within the core of 
the Z13 and 4E10 epitopes as defined by our peptide 
mapping studies, and is the MN-homolog of the motif 
identified from the 4E10-screening of the HxBc2 fragment 
library. Table 8.3 shows the observed frequency of each 
residue for each position in the NWFDIT motif among 250 
sequences in the Los Alamos database (http://hiv-
web.lanl.gov/), and compares it with the ELDKWA motif to 
which the broadly neutralizing mAb 2F5 had previously 
been mapped (45, 52). Both are 6-mer motifs, and both 
are entirely composed of residues that are most prevalent 
at each position. Furthermore, the probability of an exact 
match to each motif - equal to the product of the 
observed frequencies of each residue for each position -
is the same for each motif: 76 expected matches out of 
250 sequences. The number of observed matches is, 
however, higher for ELDKWA (89 out of 250) than for 
NWFDIT (68 out of 250). Nevertheless, these numbers 
are both high. By comparison, there are 55/250 exact 
matches to the V3-loop motif GPGRA. but only 15% of 
these are from non-B subtypes, whereas exact sequence 
matches to ELDKWA and NWFDIT are found in non-B 
subtypes 30% and 45% of the time, respectively. These 
observations suggest that the sequence NWFDIT may be 
an attractive target for vaccine design. 

Neutralization assays with the anti-gp41 mAbs 
A panel of isolates of HIV-1, including T-cell line 

adapted strains and primary isolates, were tested in two 
sets of assays for their susceptibility to neutralization by 
anti-gp41 mAbs. In the first set, 4E10 alone was tested 
against a range of isolates from different subtypes of HIV-
1. Remarkably, as shown in Table 8.4, 4E10 was able to 
neutralize (90% inhibition) across subtypes of HIV-1 at 
concentrations less than 50 ug/ml, including isolates from 
subtypes A (DJ259, 92RW026 and 92RW009), B (JR-FL 
and HxBc2), C (94ZW106. DJ258 and DU151), E (CM235 
and 92TH001), F (BZ162 and R1), and G (G3 and 

RU570). Some isolates from subtypes B (SF2, DH123, 
HC4. 2044. 2076, NL4-3. 89.6. and MN) and D (UG270 
and 92UG024) were not neutralized at the highest 
concentrations tested. Nevertheless, the degree of cross-
neutralizing activity of IgG 4E10 against HIV-1 is 
substantial. 

Encouraged by the results from this first set of 
assays, we selected several 4E10-susceptible isolates for 
a second set of neutralization assays using Fab Z13 as 
well as IgG 4E10, IgG 2F5 and IgG b12 controls. Because 
monovalent Fab is usually between about 1 and 100 times 
less effective in neutralization assays than its bivalent IgG 
counterpart (46), higher concentrations of Fab Z13 were 
used in these assays. Table 8.5 summarizes the results of 
this second set of assays. Indeed, Fab Z13 was able to 
neutralize (90% inhibition) several isolates from different 
subtypes of HIV-1 including subtype B (JR-FL at 125 
ug/ml), E (CM235 at 250 ug/ml) and C (94ZW109 at 250 
ug/ml). Fab Z13 failed to neutralize the lab-adapted strain 
HxBc2 at 40 ug/ml, as expected, since it did not bind to 
the sequence-related gp41wB (Table 8.3). On the other 
hand, HxBc2 was found to be sensitive to neutralization by 
4E10 (90% neutralized at 10 ug/ml). Fab Z13 was notable 
to neutralize MN at 40 ug/ml. and because even 4E10 
exhibited only partial neutralization of MN at 50 ug/ml 
(<90% inhibition), Fab Z13 was not further tested with this 
T-cell line adapted, subtype B isolate. 89.6 was not 
neutralized by either Z13 at 100 ug/ml, or by 4E10 at 25 
ug/ml. Significantly, we observed no neutralization of the 
subtype C virus 94ZW109 by either b12 or 2F5 (50 ug/ml), 
and no neutralization of the subtype E isolate CM235 by 
b12 (50 ug/ml); yet, these isolates were susceptible to 
neutralization by 4E10 and Z13. Taken together, these 
results demonstrate that primary isolates from a range of 
subtypes of HIV-1 are susceptible to neutralization by both 
Z13 and 4E10, and that these mAbs display antiviral 
activity in some cases for which the broadly neutralizing 
mAbsb12and2F5donot. 

A B 

Figure 8.8: MAb binding to H9 cells infected with HIV-
1MN and HIV-1H,B2 by flow cytometry. A) H9 cells infected 
with H I V - W were probed with IgG 4E10, 100 ug/ml; Fab 
Z13. 200 pg/ml; IgG 2F5, 100 ug/ml; IgG b12. 50 ug/ml; IgG 
50-69. 10 pg/ml; and Fab ELZ510, 200 pg/ml. B) H9 cells 
infected with HIV-1 H«B2 were probed with IgG 4E10, IgG 
2F5, IgG b12, and IgG KZ52 (100 pg/ml each), or IgG 50-
69. 20 pg/ml. Infected cells were incubated in the presence 
(shaded bars) or absence (colorless bars) of 25 pg/ml sCD4 
for 1 h at 37°C prior to the addition of mAbs. Uninfected H9 
cells were also probed by each mAb at the same 
concentration and always yielded background signals that 
were less than that observed for the negative control mAbs 
on infected cells. MFI, mean fluorescence intensity. 

http://hivweb.lanl.gov/
http://hivweb.lanl.gov/
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Table 8.3: Observed frequencies of amino acid residues a 
ELDKWA out of 250 sequences in the Los Alamos database 

Motif Amino acid 

NWFDIT (gp160, aa 671 -676) A 
D 
E 
F 
G 
I 
L 
M 
N 
P 
S 
T 
W 
Y 

stop 

ELDKWA (gp160. aa 662-667) A 
D 
E 
F 
G 
H 
K 
L 
N 
P 
Q 
R 
S 
T 
V 

w 
stop 

Discussion 
MAbs against HIV-1 have proven to be 

extremely powerful tools for a variety of applications 
including: probing the structure and function of envelope 
glycoproteins (5, 18, 42. 79), exploring the antigenicity of 
novel HIV-1 vaccine candidates (8, 10, 78), and to 
establish the conditions for protection against HIV-1 
infection in vivo (1,17. 25, 37, 38, 47). We have identified 
a novel human mAb, Z13, which binds to the C-terminal 
extracellular portion of gp41 that now expands the current 
repertoire of anti-HIV-1 mAbs, and. along with mAb 4E10, 
will allow further characterization of a region that is nearly 
unexplored by immunological techniques. Fig. 8.10 shows 
a model of this region of gp41, and indicates the proximity 
of the epitopes of Z13 and 4E10 to both the 2F5 epitope 
and the viral (or host cell) membrane. 

Our results from screening overlapping synthetic 
peptides map the epitopes of Z13 and 4E10 within the 
peptide 2031 (aa 660-680), and the selection of the 
phage-fragment library using 4E10 maps the core epitope 
of this mAb to between aa 671-676 (NWFNIT), We were 
unable to screen the HxBc2-fragment library with Z13 
since Z13 does not bind gp41 from HxBc2. The only 
difference in amino acid sequence between HxBc2 and 
MN in this region is at position 674, which also strongly 
suggests the core of the Z13 epitope closely overlaps that 
of 4E10. Moreover, using the synthetic peptides KGND 
and ND the epitopes of Z13 and 4E10 were confirmed to 

each posit ion in the gp41 6-mer moti fs NWFDIT and 

Frequency of amino acid residue in motif 
N 
0 
2 
0 
0 
0 
0 
0 
0 

187 
0 

49 
12 
0 
0 
0 

E 
107 

0 
122 

0 
2 
0 
6 
0 
0 
0 
11 
0 
1 
12 
1 
0 
0 

w 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

249 
0 
1 

L 
0 
0 
0 
1 
0 
0 
0 

249 
0 
0 
0 
0 
0 
0 
0 
0 
0 

F 
0 
0 
0 

241 
0 
0 
6 
0 
0 
1 
1 
0 
0 
i 
0 

D 
0 

245 
1 
0 
0 
0 
0 
0 
4 
0 
0 
0 
0 
0 
0 
0 
0 

D 
1 

153 
3 
0 
10 
0 
0 
0 

27 
0 

r>2 
3 
0 
1 
0 

K 
0 
0 
9 
0 
0 
1 

202 
0 
6 
0 
10 
1 

18 
3 
0 
0 
0 

1 
0 
0 
0 
0 
0 

249 
0 
1 
0 
0 
0 
0 
0 
0 
0 

w 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

n 
0 
0 
0 

248 
2 

T 
1 
0 
0 
0 
0 
0 
0 
0 
0 
0 

75 
174 

0 
0 
0 

A 
198 

7 
6 
0 
3 
0 
7 
0 
4 
1 

14 
0 
3 
7 
0 
0 
0 

center around the NWFDIT motif (Table 8.2), though 
additional flanking residues are clearly important for full 
reactivity of these mAbs to peptide 2031. Although 
sequence analysis identifies a potential N-glycosylation 
site at Asn 674, this residue is not glycosylated in HxBc2 
gp160 produced in COS-7 cells (34). 

A murine mAb, T3 (22), not to be confused with 
Fab T3 (Fig. 8.9), was previously proposed to bind to the 
same region where we now map the epitopes of Z13 and 
4E10 (21). There are key differences between the 
specificity of Z13,4E10 and that of mAb T3. For example, 
we found that mAb T3 does not bind peptide 2031 (data 
not shown), nor does it bind to gp140jR-FL (21). In addition, 
mAb T3 was unable to inhibit IgG 4E10 (BIO) binding to 
gp41 (VT)MIB even at 250 ug/ml by ELISA (data not shown). 
Fab Z13, however, did show partial inhibition of mAb T3 
binding to gp140&e (24% reduction in ELISA signal at 20 
ug/ml Z13; data not shown). Thus. mAb T3 does appear to 
map to a region proximal to the Z13 epitope, but. as 
described above, the two epitopes are distinct and the 
precise binding determinant of mAb T3 remains to be 
defined. 

Despite the apparent linear nature of the 
epitopes of Z13 and 4E10, denaturation of recombinant 
envelope protein reduced the binding of these mAbs, and 
not 2F5. Whether these effects are due to direct changes 
in the conformation of these epitopes, or to epitope-
masking via the immobilization to polystyrene remains to 
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mAb (Mg/ml) 

Figure 8.9: Binding of anti-gp41 mAbs to SOS-
gp14(W(A). gp41(VT)lllB (B). and gp160(PS)„lB (C) coated 
directly on polystyrene plates either untreated ("Native") or 
following treatment with SDS, dithiothreitol and boiling 
("Denatured": for more details, see Materials and Methods), 
by ELISA. IgG 50-69 and Fab T3 are cluster I (cl. I) and 
cluster II (cl. II) mAbs, respectively. 

be investigated. Moreover, further mutagenesis studies 
are required to determine the binding contributions of 
individual amino acid residues to Z13 and 4E10. Along 
these lines, the fact that 4E10 neutralizes HIV-1 isolates 
with sequences that differ from the above NWFDIT motif 
in the 13t, 4th, and 6lh position (e.g., DJ258 contains the 
motif, SWFGIT; 92BR025 contains TWFGIT; DJ259 
contain NWFSIT), as well as the fact that Z13 and 4E10 
do not neutralize some isolates that do contain the above 
motif (e.g., 89.6, NWFDIT; NL4-3, NWFNIT), suggest that 
conformation and other determinants on the native 
envelope spike influence the exposure of the 4E10- and 
Z13-epitopes. These issues would be far better addressed 
if structural data were available for this region. Indeed, 
solving the atomic structure of the membrane-proximal 
region, alone and/or in complex with Z13 or 4E10. would 
be of great interest considering that, to our knowledge, the 
only currently available structures of gp41 derive from 
studies done on truncated peptides, predominantly of the 
N- and C-helices (14, 74) of gp41, most likely in the post-
fusion conformation. 

Z13 and 4E10 appear to bind with similar affinity 
to HIV-1 MN virions by capture-ELISA (Fig. 8.7). While 
these data clearly show that these mAbs are capable of 
binding virion-associated envelope protein, it should be 
noted that virions likely contain gp41 moieties from which 
gp120 has been shed. Fab Z13 yielded poorer signals 
than IgG 4E10 against HIV-1 MN-infected cells by flow 
cytometry. This correlates with the inability of Fab Z13 to 
neutralize HIV-1 MN, and could be due to a difference in 
avidity of the Fab fragment compared to the whole 

antibody, or to particular contraints imposed by the native 
envelope spike on the access of Fab Z13 to its epitope. 

The conserved, C-terminal extracellular region 
of gp41 that contains the epitopes of Z13 and 4E10 is 
important for many processes in the HIV-1 infection cycle. 
In one study, Helseth et al., 1990 (29) showed that a 
K683I mutation adjacent to the membrane reduces 
syncytium formation by 95% and the resulting envelope is 
no longer capable of supporting viral transmission. In 
contrast. Cao et al., 1993 (13) showed certain mutations 
within a region spanning residues 669-775 of HxB2 gp160 
enhanced syncytium formation relative to wild-type. In 
more recent studies it has been demonstrated that the 
membrane-proximal region is important for env-mediated 
fusion and virus infectivity (43, 57): mutations to Ala of 
three of five conserved Trp residues in this region are 
sufficient to abrogate syncytium formation (57). 
Biophysical studies have also shown this region has 
distinctive properties. For example, Lawless et al. (33), 
constructed a mutant version of the anti-HIV-1 peptide, 
T20, in which the motif WNWF (aa 670-673) was changed 
to ANAA. It was found by circular dichroism spectroscopy 
that the mutant peptide lost the ability to interact with its N-
helix partner, T21 (33). Suarez et al. 2000 (66. 67) 
showed that a peptide spanning residues 664 to 683 of 
NIB gp160 associates with lipid membranes and causes 

Table 8.4: HIV-1 neutralization assays using IgG 4E10 
against a range of isolates from different subtypes 

Isolate 

92RW009 
92RW026 
DJ259 
JR-FL 
SF2 
DH123 
HC4 
2044 
2076 cl.3* 
NL4-3 
89.6' 
MN 
HxBc2 
94ZW109 
94ZW106 
DJ258 
ZAM20 
DU151 
92BR025" 
92UG035' 
UG270 
92UG024' 
CM235 
92TH001 
BZ162 
R1 
RU570 
G3 

Subtype 

A 
A 
A 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
C 

c 
c 
c 
c 
c 
D 
D 
D 
E 
E 
F 
F 
G 
G 

IgG 
50% 
0.9 
0.7 
3.5 

9.2,25 
38 

>50 
>50 
>50 

2 
>50 
>25 
5 

0.15 
2.0. >50 

7.2 
2.0 
7.9 
3 9 
10 
20 

>50 
>50 

5.2.13 
2.7 
4.4 
0.3 

0.35 
0.2 

4E10* 
90% 
4.7 
12 
16 

15. >25 
>50 
>50 
>50 
>50 
>50 
>50 
>25 
>50 
U3 

6.7, >5Q 
42 
6.6 
>50 
34 

— 
— 

>50 
>50 

11.4,25 
8.2 
21 
5.1 
7.6 
1.3 

350% and 90% refer to the concentration of mAb (ug/ml) 
required for 50% or 90% inhibition of maximum p24 levels. 
Double underlined values were determined in experiments 
using protocol B (see Materials and Methods), all other 
values were determined using protocol A. Asterisk (") 
indicates that the assay was only performed once for that 
isolate. 
0—, not done 
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Table 8.5: HIV-1 neutralization assays including IgG b12, IgG 2F5. Fab Z13 and IgG 4E10 
Concentration of mAb (ug/ml) required for 50% or 90% inhibition of maximum p24 

Isolate Subtype levels 
IqG b12 IgG 2F5 FabZ13 lgG4E10 

50% 90% 50% 90% 50% 90% 50% 90% 
MN 

HxBc2 
JR-FL 
89.6* 

94ZW109 
CM235 

0.0015 
0.025 
0.4 

>50 
>50 

0.015 
0.5 
0 3 
0.8 
>50 
>50 

0.13 
0.75 

2 

>50 
19 

1 
5 
13 

>50 
25 

>40 
>40 
95 

>100 
190 
170 

>40 
>40 
130 

>100 
250 
250 

5 
0.15 
25 
>25 
>50 
7.5 

>50 
10 

>25 
>25 
>50 
25 

—. indicates (he experiment was not done. 
*. the results for 89.6 are from a single experiment only. 

membrane leakage. The ability of this peptide to bind and 
disrupt membranes is suggestive of a similar role for the 
homologous region of gp41 during the env-mediated 
membrane fusion event. Whether any of these findings 
have implications for the mechanism of neutralization of 
Z13 and 4E10 remains to be explored. 

In one study, it was proposed that the region to 
which Z13 and 4E10 bind is an immunodominant site on 
gp41 (12). These authors screened a panel of HIV-1 
patient sera using overlapping peptides covering aa 647-
684 of gp41 and identified an immunodominant site in 
which the residues WNWFDI were most critical for Ab 
recognition. The "immunodominance" of this region must, 
however, be put into context since previous serum panel 
screens with overlapping peptides failed to identify the 
membrane-proximal region as an immunodominant site 

(30, 72). Furthermore, we were unable to observe any 
inhibition of Z13- or 4E10-binding to peptide 2031c using 
either HIVIG (1 mg/ml) or autologous patient (FDA-2) 
serum (1:10 serum dilution) (data not shown). In the study 
by Calarota et al., different residues within the WNWFDI 
motif were found to be critical for recognition by different 
patient serum samples (12). It would be interesting to 
determine whether other Abs against this region are 
neutralizing, and if particular critical residue "patterns" are 
important. Defining such residue patterns for Z13 and 
4E10 would help determine which gp41 residues are 
exposed on the native envelope spike. 

Z13 and 4E10 were able to neutralize primary 
isolates from diverse subtypes of HIV-1 (e.g., subtypes B, 
C and E). Recent results indicate Z13 can neutralize the 
autologous, FDA-2 virus. R2 (>90% neutralization at 200 

2F5-^ 
Z13/4E10> 

i 
Figure 8.10: Cartoon model of the HIV-1 putative trimeric envelope spike. Most of the surface of gp41 is believed to be 
occluded by gp120 and other molecules of gp41. A region of gp41 close to the membrane defined by mAbs 2F5. Z13 and 
4E10 is suggested to be exposed to antibody binding. An IgG molecule is shown to scale in proximity to the proposed 
binding region. The trimer is based on the proposed structure of Kwong et al. (32). The IgG molecule dimensions are taken 
from those of a human lgG1 molecule (59). Surfaces were calculated using msms (58). (For full-color version see page 
72). 
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ug/ml, G. Quinnan, personal communication). The R2 

virus bears the sequence NWFDIS (54), which is very 

similar to the MN motif NWFDIT. In a previous study by 

D'Souza et al„ 1994 (19), it was suggested that 4E10 was 

able to neutralize certain T-cell line adapted subtype B 

isolates of HIV-1. More recently, Xu et al., 2001 (80) 

showed 4E10 was able to potently neutralize the subtype 

C isolate BW11. Moreover, Stiegler et al., 2001 (65) 

demonstrated broad neutralizing activity of 4E10 against 

primary isolates of HIV-1 from subtypes A, B. C, D and E. 

Taken together with the fact that 2F5 is a potent and 

broadly neutralizing mAb, the collected results on 4E10 

and Z13 provide encouragement to search for yet more, 

possibly cryptic epitopes on gp41, and suggest that a 

sizeable portion of gp41 protein surface close to the 

transmembrane domain is accessible to neutralizing Abs. 

Since this region is quite conserved (Table 8.3) it is a 

potential target for drug and vaccine design. However, 

some caution is necessary given unsuccessful attempts to 

elicit HIV-1 neutralizing Abs in immunization studies using 

the putative 2F5-target, ELDKWA (15, 23, 35, 44). Our 

results from affinity-selecting the HxBc2 fragment library 

with 2F5 suggest that the 2F5 epitope involves residues 

flanking the ELDKWA sequence. Thus, it is likely that 

reproducing the specific presentation and/or conformation 

of the NWFDIT target, as it exists on gp41, will be critical if 

there is to be any chance of eliciting HIV-1-neutralizing 

Abs using an epitope-targeted immunogen. Experiments 

to determine whether or not this is the case are currently 

underway. 
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CHAPTER 9 

Introduction 
Measuring vaccine-elicited neutralizing anti

bodies is a time-honored method for determining vaccine 
efficacy against viral infections (76, 113). Generally, 
eliciting neutralizing antibody serum titers corresponding 
to 90% neutralizing in vitro at approximately a 1:100 
dilution is considered enough to convey 'sterilizing 
immunity' and protect against viral infection (72, 76, 78, 
87, 104). Although antibody titers of lesser but still 
significant potency do not protect against viral infection, 
they can still provide benefits for disease-progression in 
terms of delayed and/or decreased viremia (72, 76, 78, 
87, 104). Thus eliciting neutralizing antibody responses is 
a crucial requirement for vaccine-induced protection 
against HIV-1. 

In analogy to studies in murine retroviral 
infection models (1, 22, 44, 82). the neutralizing antibody 
response, produced by B-cells. is required to act in 
concert with the cellular response (CD4- and CD8* T 
cells) to achieve full protection against pathogenic viral 
challenge (23). Furthermore, whereas CD8+ T cells are 
required to protect against lethal infection, neutralizing 
antibody response appear necessary to prevent persistent 
infection (24, 45). The CD4* T cells play a coordinating 
role in the optimal development of both antibody and 
cellular immune responses (43, 45). Neutralizing 
antibodies probably act by reducing the infectivity of a viral 
inoculum enough to buy the cellular response sufficient 
time to develop (76). In HIV-1 infection, in which the 
coordinating CD4' T cells are infected, the blunting effect 
of pre-existing neutralizing antibodies might be especially 
beneficial. 

In HIV-1 vaccine development the induction of 
significantly potent neutralizing antibodies titers seems to 
be unattainable until now (10, 12, 13). A quintessential 
problem in vaccine development is that the HIV-1 virus 
has developed a number of strategies to reduce both 
antigenicity and immunogenicity of the mature oligomeric 
envelope complex, enabling the virus to escape 
neutralization (55, 80). Understanding neutralization of 
HIV-1 primary isolates at the molecular level is therefore 
critical for a knowledge-based approach for the 
development of a vaccine against HIV-1. The versatility 
and experimental control of phage display technology offer 
powerful tools for addressing some fundamental questions 
regarding potential vaccines. These will be discussed 
below. 

Phage display as a tool in HIV-1 vaccine research 
Initial efforts in vaccine design were focused on 

eliciting antibody responses using recombinant soluble 
protein subunits, e.g. gp120 and gp160 (Fig. 9.1A). These 
so-called subunit vaccines, however, elicited rather poor 
neutralizing antibody responses to primary isolates of HIV-
1 in humans (17, 20.40, 60,61.111,116). Subsequently, 
neutralization was shown to correlate with antibody 
binding to mature oligomeric envelope (79,91,98). As the 
repertoire of (neutralizing) antibodies selected from a 
phage display library will depend, among others, on the 
antigen used for selection, the ability of an antigen to 

enrich for neutralizing antibodies could be used as a 
measure for the potential efficacy of the antigen as a 
vaccine (77). Indeed, the subunit molecules selected for a 
relative low frequency of potent neutralizing antibodies 
from human libraries prepared from seropositive donors, 
whereas concentrated virions, displaying mature 
oligomeric envelope, enriched efficiently for potent 
neutralizing antibodies (77). 

Recombinant Env-based immunogens 
As neutralization correlates with antibody 

binding to mature oligomeric envelop, one obvious 
approach for the development of a potential vaccine is to 
design recombinant immunogens that accurately mimic 
this mature oligomeric conformation. To achieve this, 
however, several obstacles have to be addressed, 
including (i) the lability of the noncovalent interaction 
between gp120 and gp41, (ii) the level of processing of 
the envelope proteins, and (iii) the influence of the 
membrane environment. 

To address the noncovalent interaction between 
gp120 and gp41, which causes extensive dissociation of 
gp120 (37, 64, 67, 84), constructs lacking the gp120-gp41 
cleavage site were designed ( Fig. 9.1 A+B: 3. 7. 28-30. 
103). These constructs, usually only containing the 
ectodomain of gp41, are designated gp140 and form 
soluble oligomers (predominantly dimers and tetramers; 
103). It is, however, questionable whether these 
uncleaved constructs truly mimic the native conformation, 
as both antigenic (28, 29) and immunogenic (77) 
properties differ considerably between gp140 constructs 
and native oligomeric Env spikes. In another strategy a 
disulfide bond was introduced between gp120 and gp41 
which resulted in a construct that was naturally cleaved 
and retained the antigenic properties of native Env as 
probed by antibody binding profiles (7, 103). Biochemical 
analysis, however, demonstrated that the disulfide 
stabilized construct mainly formed monomers (103). 

Although high-level expression systems are 
desirable for the production of soluble recombinant Env-
based immunogens, the processing capacity of these 
expression systems might be limiting, especially for those 
immunogens designed to be cleaved. One strategy would 
be to optimize the parameters influencing processing for a 
given combination of construct and expression system, 
however, this would require extensive research. A number 
of proteases may cleave gp160 into gp41 and gp120 at 
the REKR cleavage site (63). Furin, however, appears to 
be the dominant protease responsible (42, 69). A more 
elegant strategy to address this problem is therefore to 
overexpress furin in the expression system (7). 

Finally, although antigenically comparable, 
native soluble oligomers would still differ from the 
physiological conformation in that in vivo the mature 
oligomer is expressed on the membrane of virions or 
infected cells (Fig. 9.1 C). Immunogenic surfaces occluded 
by proximity to the cellular or viral membranes (56, 118), 
are exposed on the soluble oligomers, which could skew 
the antibody response toward specificities that are not 
accessible on the virion and thus non-neutralizing (e.g. 
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Figure 9.1: Theoretical distribution of Env-derived immunogens based on physiological relevance for viral 
infection. A) Soluble monomeric constructs. Monomenc subunits of the Env complex (gp41, gp120. and gp160) are very 
immunogenic, however, most antibodies elicited with these immunogens generally do not recognize the native oligomeric 
Env complex, and are thus non-neutralizing or display only strain specific neutralization (20, 40, 60, 61. 111, 116). Similarly, 
constructs lacking the gp120-gp41 cleavage site and containing the gp120 moiety linked to the gp41 ectodomain (gp140), 
do not elicit relevant antibodies (3. 28-30). A disulfide bond-stabilized proteolytically processed gp140 (gp1403os) has been 
shown to retain the antigenic properties of native oligomeric Env, however, it mainly forms monomers upon purification (7. 
103). In the cartoon CD4 and coreceptor binding sites are indicated (shaded ovals). For convenience the cartoons are 
drawn without variable loops. B) Soluble oligomeric constructs. As neutralization correlates to binding to the native 
oligomeric Env complex, investigators focused on making soluble oligomers. Due to the lability of the non-covalent gp41-
gp20 interaction, however, most attempts involve non-cleaved constructs, (gp160)3 and (gp140)3. or a disulfide stabilized 
construct, (gp140sosb. Although the oligomeric recombinant gp160 is depicted here in a trimeric configuration, this protein 
may in fact form higher-order aggregates in solution because of associations between various hydrophobic domains. 
Additionally, oligomeric gp140 constructs were reported to form predominantly dimenc and tetrameric complexes (103). As 
mentioned before, the disulfide bond-stabilized proteolytically processed gp140 (gp140sos) mainly forms monomers upon 
purification (7, 103). C) Membrane-expressed oligomers. Soluble oligomers still differ from the physiological situation in that 
the native oligomeric Env complex. (gp120-gp41)5, is expressed on the membrane of infected cells and virions. Although 
oligomeric (gp160)3 is also expressed on infected cells, (gp120-gp41)-, is the only conformation that is functional, and should 
thus be the conformation mimicked by Env-based immunogens. Due to the exposure of immunodominant nonfunctional 
epitopes, Env preparations with low physiological relevance are generally more immunogenic, i.e. immunogenicity of Env-
derived immunogens is roughly inversely correlated with physiological relevance. 

(29). Indeed, screening of seropositive human sera 
against Env complexes in a membrane or solubilized 
context suggested that -50-97% of the antibody response 
is directed to epitopes not accessible on membrane 
associated Env (Chapter 4). 

HIV-1 infected cells can be used as a source of 
mature oligomeric Env complexes. Processing of gp160 
into gp120 and gp41. however, is not a prerequisite for 
surface-membrane targeting, and oligomeric gp160 can 
thus be readily detected on the surface of infected cells 
(63. 69. 115). In contrast to infected cells, unprocessed 
gp160 is not detected in virion preparations (27, 48. 63). 
Using virions instead of infected cells as a source of 
recombinant protein would thus offer an advantage, 
however, high titer virus preparations are difficult to obtain. 
Furthermore, with the recent demonstration that virions 

contain both functional and nonfunctional Env spikes, 
caution is required (85). 

In Chapter 3 and 4 we evaluated an approach 
for the isolation of membrane-associated oligomeric Env, 
involving solubilization with the mild non-ionic detergent n-
octyl B-D-glucopyranoside in combination with size-
exclusion chromatography. The approach resulted in a 
preparation containing membrane-associated Env 
complexes captured in detergent-lipid vesicles (Fig. 3.1). 
Although this approach may be generally applicable for 
the capture of membrane proteins, the generated vesicles 
contained both cleaved and uncleaved Env complexes, 
suggesting that the cellular processing machinery of our 
system was limiting. Accordingly, the vesicles did not elicit 
neutralizing antibodies in rabbits (Chapter 4) or selected 
for the strongly neutralizing b12 clone from its phage 
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display library (Chapter 3). Considering the presence of 
substantial amounts of uncleaved Env complexes in the 
antigen preparations, the before-mentioned antibody 
response against epitopes not accessible on membrane-
associated Env is likely underestimated. 

In addition to increasing the relative amount of 
mature 'fully-processed' oligomeric Env, there are other 
aspects of the vesicles that could be improved. First, 
although size-exclusion chromatography can remove part 
of the contaminating proteins from the vesicles, not all 
irrelevant membrane proteins are eliminated as illustrated 
by the presence of vaccinia proteins in the vesicles (Fig. 
4.2) and the vaccinia-specific antibodies elicited/ selected 
by the vesicles (Chapter 3 & 4). Furthermore, as the 
reconstitute of the membrane fragments occurs 
randomly, the right-side-out orientation of the membrane 
proteins is not guaranteed. In an alternative strategy 
described recently, solubilized uncleaved oligomeric Env 
complexes were selectively captured by antibodies, 
specific for a tag in the cytoplasmic domain of the target 
antigen, immobilized on paramagnetic beads and 
reconstituted into proteoliposomes (41). With this strategy 
both the irrelevant membrane proteins are excluded and 
the Env complexes are presented in the right orientation. 
The second point for improvement involves the before 
mentioned heterogeneity of the Env spikes present on 
HIV-1 virions (85). In order to avoid the nonfunctional Env 
spikes in immunogen preparations, the precise nature of 
their nonfunctionality needs to be identified. If 
nonfunctional Env spikes turn out to be complexes 
missing one or two gp120 subunits, i.e. (gp120Vgp4l3) or 
(gp120-gp4l3). disulfide stabilization could offer a solution 

(7). 
To summarize, a fully processed, disulfide 

stabilized functional oligomeric Env complex presented in 
high densities on proteoliposomes could offer an attractive 
vaccine from an antibody perspective. However, as the 
HIV-1 envelope glycoprotein has evolved to minimize 
neutralizing-antibody responses, simply mimicking the 
oligomeric envelope complex might not be enough to 
produce a vaccine. Additional approaches to enhance the 
immunogenicity of the relevant epitopes, e.g. by removing 
glycan residues (88) or variable loops (15). or dampen the 
immunogenicity of the non-relevant epitopes, e.g. by 
introducing glycans (74), is worth investigating. 

Reverse vaccinology 
Another approach to develop immunogens is to 

study the molecular interaction of well-defined broadly 
neutralizing antibodies with envelope proteins and from 
there determine the structural requirements of a potential 
vaccine to elicit such antibodies. This structure-based 
approach to the design of immunogens has been termed 
reverse vaccinology (9). Prior to the chapters presented in 
this thesis, only three mAbs from the large number of 
mAbs cloned from HIV-1 infected individuals, were 
considered broadly neutralizing (10, 26). Two of these 
recognize gp120, namely, b12, specific for the CD4bs (2, 
11, 73, 91), and 2G12. which recognizes a carbohydrate-
dependent conformational epitope based around the 

C3A/4 region (14, 95, 101, 109). One mAb, 2F5. binds to 
a linear epitope, ELDKWA (residues 662-667), on the 
membrane proximal region of gp41 (19,70,71). 

One approach for reverse vaccinology is to 
identify peptides that represent the epitopes recognized by 
broadly neutralizing mAbs. This strategy has been 
successfully employed for the identification of 
immunogenic peptides that could elicit neutralizing 
antibodies in animal models against hepatitis A virus, 
Plasmodium falciparum circumsporozoite and a murine 
coronavirus (62,107,120). From this perspective, the 2F5 
epitope is most attractive for HIV-1 vaccine design, due to 
its linear nature, however, many attempts to elicit 2F5-like 
antibodies with this peptide sequence in different contexts 
have failed (18, 31. 58, 70), V. Oude Engberink and 
P.W.H.I. Parren, personal communication). Although the 
2F5-binding site was originally mapped to the linear 
sequence ELDKWA in the gp41 ectodomain (19, 70, 71), 
the data presented in Chapter 8 suggest, in agreement 
with recent findings by others (75), that the epitope may 
be considerably larger and more complex than expected 
(Fig. 8.6B). Moreover, in a study investigating oligomeric 
gp160 expressed on proteoliposomes, 2F5 bound better in 
the presence of phospholipids suggesting that optimal 
epitope exposure may be dependent on membrane 
context (41). 

Docking and mutagenesis studies suggest that 
the b12 epitope consists of at least six peptide segments 
separated on the primary amino-acid sequence of gp120 
(73, 97). The complex nature of the b12 epitope would be 
difficult to mimic in a single peptide, however, a peptide 
mimotope has been identified by screening a phage 
display peptide library (123). Although preliminary 
immunizations with this peptide, designated B2.1, did not 
elicit b12-like antibodies, it can function as a structural 
template for the development of peptide immunogens of 
enhanced mimicry and higher immunogenicity (96, 123). 
From this perspective, the crystal structure of the Fab b12-
B2.1 complex provides detailed information for the rational 
design of such improved peptide mimotopes (96). 

Due to the carbohydrate nature of the 2G12 
epitope, identifying a peptide mimic via screening of 
phage display of peptide libraries may prove more 
challenging. More likely, and similar to b12, the crystal 
structure of 2G12 complexed to its carbohydrate epitope, 
could provide the detailed knowledge required for a 
rational design of a 2G12 mimotope (14). 

Finally, to improve the structure-based design of 
immunogens. we need to expand our knowledge of 
complexes of neutralizing antibodies with envelope 
proteins. For this we would need to i) identify novel 
neutralizing antibodies (see below), ii) study the 
interaction of (novel) neutralizing antibodies with the Env 
complex at the molecular level (e.g. mutagenesis studies), 
and iii) solve the crystal structures of the (novel) 
neutralizing antibodies (preferably in complex with their 
antigens or mimotopes (e.g. as identified from phage 
display peptide libraries). 

Identifying novel neutralizing antibodies 
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The selection of neutralizing antibodies from a 
given library is dependent, among others, on the antigen 
used for selection (as discussed above) and the 
composition of the library, which is largely determined by 
the immune status of the donor. Generally, if a given 
donor has a significant serum titer to a pathogen, then 
high affinity antibodies to that pathogen can be isolated 
from a library prepared from that donor. In the case of 
HIV-1, seropositive donors that display potent and broad 
neutralizing serum antibody titers are prime-candidates for 
library construction and the identification of new 
neutralizing antibodies. In an effort to standardize 
neutralization assays, investigators identified a donor, 
designated FDA-2, whose serum was able to neutralize a 
broad spectrum of primary isolates (8, 66, 81, 112). We 
constructed Fab and scFv libraries derived from the bone 
marrow of this donor and two novel neutralizing antibodies 
were isolated, namely, X5 (Chapters 5,6 & 7), a novel 
CD4i mAb, and Z13 (Chapter 8) specific for the 
membrane proximal region of gp41. 

The interaction of (novel) neutralizing antibodies with 
the Env complex 
9P120 

The gp120-specific primary isolate neutralizing 
human antibodies identified so far are directed to 
conserved epitopes that are present on the resting 
oligomeric Env complex, i.e. before interaction with target-
cell receptors (Fig. 9.2). These neutralizing antibodies are 
believed to act by binding to the exposed Env surface and 
obstructing the initial interaction between the gp120 
molecules in the virial Env complexes and a cluster of 
CD4 molecules on the target cell (79,110). 

Upon CD4 binding, the gp120 molecules are 
thought to undergo conformational changes leading to the 
exposure of the conserved coreceptor binding site (68. 99. 
119). It may be envisioned that conserved epitopes that 
are exposed on the CD4-bound conformation of gp120 are 
interesting targets for antibody-mediated neutralization. 
On gp120. the main epitopes that becomes exposed after 
interaction with CD4 are the CD4 induced (CD4i) epitopes 
overlapping the coreceptor binding-site (89, 90. 109,117, 
Chapter 7). MAbs to these epitopes, also termed CD4i for 
convenience, can neutralize some TCLA HIV-1 strains but 
generally do not display primary isolate neutralizing 
activity at relevant concentrations (Chapter 5, 86). Some 
argue that increasing CD4i epitope exposure may elicit 
more potent CD4i mAbs or higher serum antibody titers 
(34, 47, 59, 94). The data presented in Chapter 6. 
however, suggest that the inability of CD4i mAbs to 
neutralize the primary R5 isolates (at least the ones tested 
in our study), is not due to lack of potency, but due to 
spatial constraints. In Chapter 6 we argue that the 
available space between virus and target-cell surface is 
not enough to accommodate a whole antibody molecule 
but is enough to accommodate smaller antibody Fab and 
scFv fragments (Fig. 6.6). Thus we propose that CD4i 
mAb-mediated neutralization is bi-phasic, with 1) a 'pre-
attachment'-phase that is dependent on the accessibility 
of the CD4i epitope on the resting oligomer, primarily 

governed by the V1A/2 variable loops, and 2) a 'post-
attachment'-phase that is dependent on steric restrictions 
imposed by the cellular membrane and the V1A/2 variable 
loops. The fact that we observe unique differences 
between Fab and scFv fragments of different CD4i mAbs, 
however, indicates that there are additional variables 
influencing these mechanisms. One could speculate that 
the precise orientation of the epitope (Chapter 7) may 
influence the susceptibility of the antibody fragment to 
steric constraints by the surrounding protein and 
carbohydrate structures at the virus:cell interface. The 
ability of CD4i mAbs to neutralize some TCLA HIV-1 
strains is thus likely a reflection of the exposure of the 
epitope on the resting oligomeric Env complex (32, 100). 
The fact that smaller CD4i antibody fragments are able to 
neutralize in the post-attachment phase, suggests that the 
CD4i epitope could be used as a target for small molecule 
entry inhibitors. The structural data derived from Chapter 
7 could be used for the design of such small molecule 
inhibitors. 

As the non-syncytium inducing (NSI) variants, 
which establish primary infection in humans have a R5 
phenotype (83, 102, 105, 121, 122), the inability of CD4i 
mAbs to neutralize most R5 viruses raises concerns as to 
whether the CD4i epitopes are useful targets for antibody 
neutralization in vaccine design. Conversely, with the 
higher efficiency of CD4i-specific Abs against X4 viruses, 
one could speculate a role for CD4i-specific Abs in 
preventing the development of syncytium inducing (SI). X4 
HIV-1 variants, which emerge during established infection 
in about 50% of HIV-1 patients and are associated with a 
more rapid disease progression (4, 25,54). 

gp41 
As mentioned before, the 2F5 epitope is located 

on the membrane proximal region of gp41 (19, 70, 71). 
Although the epitope is present on the resting oligomeric 
Env complex (Chapter 8, 33,100), 2F5 does not interfere 
with virus attachment to target-cells, suggesting a different 
neutralization mechanism (110). Similarly, the novel 
neutralizing antibodies 4E10 (106) and Z13 described in 
Chapter 8 bind to a linear epitope, NWFNIT (residues 
671-676), proximal to that of 2F5 (Fig. 8.10) and may thus 
act in the same way. Both epitopes are located near a 
conserved tryptophan-rich region that has been 
implemented in Env-mediated fusion (93). 

After receptor engagement gp41 undergoes 
conformational changes resulting in fusion (Fig 9.2). 
These changes include a transition from an intermediate 
pre-hairpin conformation, with the aminoterminal- and 
carboxyterminal helical regions exposed, into a terminal 
hairpin conformation, where the aminoterminal- and 
carboxyterminal helices adopt an antiparallel 
arrangement. Peptide mimics of the carboxyterminal 
helices have been identified previously as neutralizing 
agents (49. 114). They are thought to act by interfering 
with the pre-hairpin to hairpin transition of gp41, thus 
inhibiting the fusion process quite efficiently. It is possible 
that the dimensions of a full immunoglobulin molecule are 
a limiting factor in the accessibility of these neutralization 
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Figure 9.2: A model for HIV-1 Env membrane fusion in relation to neutralizing antibody binding and viral evasion 
strategies. HIV-1 Env membrane fusion is initiated by the interaction of the resting oligomeric Env complex (gp120-gp41)3 

and a cluster of CD4 molecules on the target cell (21 , 53). For clarity only one gp120-gp41 heterodimer is depicted. Most 
neutralizing gp120-specific mAbs (CD4bs. V1/2. V3 and 2G12) are thought to bind to the resting oligomeric Env complex 
and obstruct the initial interaction between the gp120 sub-unit and CD4 (79, 110). To evade recognition by neutralizing 
mAbs, the HIV-1 virus has evolved a number of strategies to minimize antigenicity of the resting oligomeric Env complex, 
including sequence variability, extensive glycosylation, sequestering of conserved regions with variable loop domains 
(including associated carbohydrate structures) and conformational masking (55, 80). Additional immune evasion strategies 
are employed by HIV-1 (e.g. decoy antigens), but are not indicated as they have more general implications. Binding of the 
gp120 sub-unit to CD4 induces conformational changes in gp120, resulting in the exposure of the conserved coreceptor 
binding site (CoRbs; 68. 99. 119). Additionally, CD4 binding appears to trigger the exposure of a pre-hairpin conformation 
(a.k.a. triple stranded coiled-coil conformation, fusogenic conformation) of gp41 (35, 36, 50, 65), and presumably the 
exposure of fusion-peptide. MAbs recognizing epitopes overlapping the CoRbs, the CD4i mAbs, are able to neutralize sCD4 
activated fusion by obstructing the interaction of the gp120-sCD4 complex with the coreceptor (CoR; (92, 108, 117), 
however, when fusion is initiated by cell-surface expressed CD4 the available space at the virus-cell interface is not enough 
to accommodate a whole IgG molecule (Chapter 6. 32). These steric constraints imposed by the viral and cellular 
membranes are probably augmented by the bulk of V1/V2 loop structures (Chapter 6). The neutralizing capacity displayed 
by CD4i mAbs for some isolates is thus likely a reflection of CD4i epitope exposure on the resting oligomeric Env complex. 
For gp41. binding of CD4 causes a small perturbation in the binding of mAb 2F5 (and mAbs 4E10 and Fab Z13), which is in 
dramatic contrast to the large increase in binding of mAbs to the more immunogenic gp41 epitope clusters I and II upon CD4 
binding (Chapter 8. 100). MAbs specific for cluster I and II epitopes, however, do not display neutralizing activity (6, 33, 57). 
Binding to the coreceptor is thought to induce dissociation of the gp120-CD4-CoR complex and trigger the insertion of the 
fusion peptide into the target cell membrane, after which a transition occurs from a pre-hairpin conformation into a stable 
hairpin conformation (a.k.a. six-helix bundle conformation)(16). Although there is no direct experimental evidence, the 
difference in peptide binding to the pre-hairpin intermediate induced by CD4 binding alone compared to the intermediate 
induced by CD4 and CoR (46), suggests that they represent two different intermediate conformations (as depicted here). 
Formation of the hairpin conformation is thought to coincide with membrane fusion (65), although under non-permissive 
temperatures the six-helix bundles could be demonstrated without mixing of cellular contents (38). T-20 is a small peptide 
inhibitor, based on the carboxy-terminal helical region of gp41 (49, 5 1 , 52, 114), which can bind to the amino-terminal helical 
region in the pre-hairpin conformation and as such inhibits the transition to the hairpin conformation, consequently inhibiting 
membrane fusion quit efficiently. As mAb 2F5 is not able to bind gp41 once six-helix bundle formation has occurred, 2F5 
(and probably 4E10 and Z13) likely neutralizes via a similar mechanism, i.e. by inhibiting the six-helix bundle formation (33, 
39). Although mAb 2F5, like mAbs to gp41 epitope cluster I and II. was shown to bind gp41 at the cellxell interface (33). 
mAb 2F5 was less efficient in neutralization under post-attachment conditions (5), arguing for a minor spatial constraint 
imposed by the proximity of the membranes on the 2F5 epitopes. As sera of HIV-1 infected individuals could only neutralize 
post-attachment on fusion-arrested intermediates (5), the accessibility of this site is probably limited due to temporal 
constraints fTCY 
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sensitive sites. However. mAb 2F5 recognizes a region 

proximal to the carboxyterminal helical region and been 

shown to bind at the celkcell interface (33). As mAb 2F5 

does not recognize gp41 once hairpin formation has 

occurred, 2F5 (and probably 4E10 and Z13) is also 

thought to neutralize by interfering with the pre-hairpin to 

hairpin transition of gp41 (33, 39). Furthermore, a recent 

study in which fusion was studied using an activatable 

fusion intermediate system, showed effective post-

attachment neutralizing activity in the serum of infected 

individuals (5). This observation could suggests that 

antibodies against the intermediate pre-hairpin 

conformation are present in HIV-1 infected individuals and 

are able to bind at the cellxell interface. As HIVIG does 

not protect against infection, however, this suggests that 

either the levels of such antibodies are low or the natural 

accessibility of this site is limited due to temporal 

constraints. 

Concluding remarks 

In conclusion, to control HIV-1 infection by 

vaccination, a vaccine is required that induces both a 

strong neutralizing antibody response and a potent cellular 

response. This thesis and discussion have focused on the 

antibody perspective. It is envisioned that the vaccine-

induced antibody response should be sufficiently strong to 

blunt initial virus replication, so that it can be contained by 

the cellular immune-response. Stronger antibody 

responses might induce sterilizing immunity, however, the 

antibody concentrations required for this seem 

unattainable with the vaccine technology currently 

available. As the HIV-1 envelope glycoprotein has evolved 

to minimize both antigenicity and immunogenicity, a 

principal challenge therefore is to design a vaccine 

capable of eliciting sufficiently potent neutralizing 

antibodies. For a knowledge-based approach to vaccine 

design, a detailed understanding of Env and neutralizing 

mAb structure, the mechanisms governing neutralization 

by antibodies and evasion of neutralization by the HIV-1 is 

required. Systematically solving the crystal structures of 

broadly neutralizing mAbs in combination with 

mutagenesis studies will provide critical information for 

understanding neutralization and may lead to the rational 

design of an effective vaccine. 
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The human body is constantly exposed to 

potential pathogens, like bacteria, fungi, parasites and 
viruses. The immune system provides the body with 
specific defenses against these pathogens in the form of 
antibodies and cellular immune-responses (CD4' and 
CD8* T cells). Some pathogens, such as the human 
immunodeficiency virus type 1 (HIV-1), the causative 
agent of Acquired Immunodeficiency Syndrome (AIDS), 
thwart the immune system by attacking key regulator cells 
or molecules. For HIV-1, it are the CD4* T cells, which 
play a coordinating role in the development of the immune 
response, that become infected and affected in their 
function. Thus, HIV-1 sabotages the immune system and 
the body is unable to control the HIV-1 infection. 

To prevent HIV-1 infection by vaccination it is 
envisioned that the vaccine-induced neutralizing antibody 
response should be sufficiently strong to blunt the initial 
virus replication, so as to buy the cellular immune-
response enough time to develop. In HIV-1 vaccine 
development, however, the induction of a antibody 
response with significantly potent neutralizing antibody 
titers has not been achieved and progress has been slow. 
Understanding neutralization of the HIV-1 virus at the 
molecular level is thought to be critical for a knowledge-
based approach for the development of a vaccine against 
HIV-1. 

In this thesis, which focuses on the 
neutralizing antibody response against the HIV-1 envelope 
glycoproteins (the primary targets of neutralizing 
antibodies in natural infection), we have utilized the so-
called "phage-display" technology, whose ability to 
capture and dissect antibody responses of infected 
individuals in great detail, offers a powerful tool for 
identifying and isolating neutralizing antibodies. The 
interaction of these antibodies with potential vaccine-
candidates can thus be studied. In Chapter 1, the origin of 
the phage-display technology is described in the context 
of a short historical overview of antibody research in 
general. Furthermore the technical aspects of phage-
display technology and relevant developments described 
in the recent literature are reviewed. 

As stated, the primary targets of neutralizing 
antibodies are the HIV-1 envelope glycoproteins. There 
are two glycoproteins, gp120 and gp41, which form 
complexes consisting of three copies of each glycoprotein, 
i.e. (gp120-gp41)3. These envelope glycoprotein (Env) 
complexes bind sequentially to two receptor proteins on 
the membrane-surface of host cells, namely CD4 and a 
co-receptor. This interaction ultimately leads to the entry 
of the virus into the host-cell via the mechanism of 

membrane-fusion. It is the initial interaction between the 
Env complex and the host cell receptor proteins that is 
blocked by most neutralizing antibodies. In Chapter 2 a 
literature-overview is given of the relevant research 
addressing antibody-mediated neutralization of HIV-1, 
prior to the research presented in this thesis. 

One of the key aspects in antibody-mediated 
neutralization of HIV-1 is that neutralization correlates with 
antibody-binding to the functional Env complex as present 
on infective virus particles. Approaches to mimic this 
functional Env conformation have sofar been unsuccessful 
and as a result antibodies elicited by these Env mimics 
seldom display neutralizing activity against primary HIV-1 
virus isolates. In Chapters 3 and 4 an approach for the 
isolation of functional Env complexes from infected cells 
was evaluated, involving the solubilization with a mild non-
ionic detergent in combination with size-exclusion 
chromatography. This approach resulted in a preparation 
that most likely contains a mixture of functional and non
functional Env complexes in a membrane background. 
This Env preparation was not able to isolate neutralizing 
antibodies via the phage-display technology, nor could it 
induce a neutralizing antibody response. Strategies to 
improve the preparation are discussed. 

Instead of trying to design functional Env 
mimics and assessing whether these can induce 
neutralizing antibodies, another approach is to study 
neutralizing antibodies and determine the structural 
requirements for Env mimics to be able to induce these 
kinds of neutralizing antibodies. Prior to the research 
presented in this thesis, only three neutralizing antibodies 
had been isolated world-wide, that were considered 
broadly neutralizing. Two of these, termed b12 and 2G12, 
are directed against binding-sites (epitopes) on the gp120 
glycoprotein and one, termed 2F5, is directed against an 
epitope on the gp41 subunit. In this thesis two novel 
neutralizing antibodies are described against two 
additional neutralizing epitopes, which were isolated via 
the phage-display technology. 

The first new neutralizing antibody, termed 
X5, is described in Chapters 5,6 and 7 and is directed 
against an epitope on gp20, that is exposed after the 
interaction of the Env complex with CD4 at the cell-surface 
and which overlaps the binding-site for the co-receptor. 
Although X5 has broadly neutralizing activity when tested 
as an antibody fragment (a smaller part of the whole 
antibody), it is less effective as a whole antibody molecule. 
In Chapter 6 it is argued that this is because after binding 
to CD4 the available space between virus and host-cell 
surface is not enough to accommodate a whole antibody 
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molecule. Strategies to design vaccines that aim at 
eliciting antibodies against the co-receptor binding-site are 
thus likely to be ineffective. It does however suggest that 
this site could be used as a target for so-called small-
molecule entry inhibitors. The crystal structure of X5, 
described in Chapter 7. may guide the design of such 
small-molecule inhibitors. 

The second novel neutralizing antibody, 
termed Z13 is described in Chapter 8 together with 
another antibody termed 4E10. Both antibodies recognize 
an epitope on gp41, adjacent to the epitope recognized by 
the 2F5 antibody and may thus act in the same way. 
Unlike most neutralizing antibodies, 2F5 does not interfere 
with binding of the Env complex to the host-cell receptors, 
suggesting another neutralization mechanism. The 
epitopes recognized by these antibodies may serve as a 
template for an effective vaccine against HIV-1. 

Finally, in Chapter 9 the implications of the 
studies described in this thesis are discussed in the light 
of relevant developments described in the recent literature 
addressing antibody-mediated neutralization of HIV-1. 
With the completion of this thesis progress has been 
made in defining broadly neutralizing epitopes on the HIV-
1 envelope glycoprotein. Significantly, five broadly 
neutralizing and thus conserved epitopes have been 
defined on the surface of the highly variable virus. Four of 
the sites defined are accessible by antibody on the native 
virus and antibodies against these epitopes should 
therefore be elicited by a vaccine. The fifth epitope, 
defined by antibody X5, may be a potent target for a small 
molecule drug. In summary, novel leads for the 
development of a vaccine have been defined. 
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Ss^jenvdtti 
Het menselijk lichaam wordt constant 

blootgesteld aan potentiële ziekteverwekkers, zoals 
bacteriën, schimmels, parasieten en virussen. Het 
immuun systeem voorziet het lichaam van een specifieke 
afweer tegen deze organismen in de vorm van 
antilichamen en cellulaire afweer (CD4* and CD8* T 
cellen). Sommige ziekteverwekkers, zoals het humane 
immunodeficiëntie virus type 1 (HIV-1), de veroorzaker 
van het verworven immunodeficiëntie syndroom (oftewel 
Acquired Immunodeficiency Syndrome [AIDS] in het 
engels), belemmeren het immunsysteem in zijn functie, 
door strategische cellen of moleculen aan te vallen. Voor 
HIV-1 zijn het de CD4* T cellen, die een coördinerende rol 
spelen in de afweer reactie, die geïnfecteerd raken en 
wiens functie wordt aangetast. Op deze manier saboteert 
het HIV-1 virus het immuunsysteem en kan het lichaam de 
HIV-1 infectie niet onder controle krijgen. 

Om HIV-1 infectie te voorkomen door middel 
van vaccinatie wordt aangenomen dat de 
vaccingeïnduceerde antilichamen voldoende sterk zouden 
moeten zijn om de initiële replicatie van het virus zodanig 
te neutraliseren, dat de cellulaire afweer genoeg tijd heeft 
om tot volle ontwikkeling te komen. Het opwekken van 
neutraliserende antilichamen die sterk genoeg zijn, lijkt 
niet haalbaar met de huidige kennis in de vaccinatie 
technologie. Inzicht in neutralisatie van het HIV-1 virus op 
moleculair niveau is daarom van groot belang voor een op 
kennis gebaseerde aanpak voor de ontwikkeling van een 
vaccin tegen HIV-1. 

In dit proefschrift, dat zich richt op de 
neutraliserende antilichaam respons tegen de HIV-1 
envelop eiwitten (de primaire doelwitten van 
neutraliserende antilichamen in een natuurlijke HIV-1 
infectie) hebben we de zogenaamde ''phage-dispiay" 
technologie gebruikt, dat de antilichaam respons van 
geïnfecteerde individuen kan vangen en in groot detail kan 
ontleden. Deze techniek biedt een belangrijk hulpmiddel in 
de identificatie en isolatie van neutraliserende 
antilichamen en in het bestuderen van de interactie van 
deze antilichamen met potentiële vaccin kandidaten. In 
Hoofdstuk 1, wordt het ontstaan van de phage-display 
technologie beschreven in de context van een kort 
historisch overzicht van antilichaam onderzoek in het 
algemeen. Verder wordt er een overzicht gegeven van de 
technische aspecten van de phage-display technologie en 
relevante ontwikkelingen die beschreven staan in de 
recente literatuur. 

Zoals eerder genoemd, zijn de HIV-1 envelop 
eiwitten de primaire doelwitten van neutraliserende 
antilichamen. Er zijn twee envelop eiwitten, namelijk 

gp120 en gp41, die complexen vormen bestaande uit drie 
kopieën van elk eiwit, oftewel (gp120-gp41)s. Deze 
envelop eiwit (Env) complexen binden achtereenvolgens 
aan twee verschillende receptor eiwitten op het membraan 
oppervlak van gastheer cellen, namelijk het CD4 receptor 
eiwit en één van de co-receptor eiwitten. Deze interactie 
leidt uiteindelijk tot het binnendringen van het virus door 
middel van membraanfusie. Het is die initiële interactie 
tussen het Env complex en de gastheer receptor eiwitten 
die geblokkeerd wordt door de meeste neutraliserende 
antilichamen. In Hoofdstuk 2 word een literatuuroverzicht 
gegeven van het relevante onderzoek aan neutralisatie 
van HIV-1 door antilichamen, voorafgaand aan het 
onderzoek wat beschreven wordt in dit proefschrift. 

Eén van de belangrijkste aspecten in 
neutralisatie van HIV-1 door antilichamen is dat 
neutralisatie correleert met antilichaambinding aan het 
functionele Env complex, zoals aanwezig op infectieuze 
virus partikels. Pogingen om dit functionele Env complex 
na te bootsen zijn tot op heden niet succesvol gebleken, 
met als gevolg dat antilichamen opgewekt tegen deze Env 
imitaties zelden neutraliserende activiteit vertonen tegen 
het HIV-1 virus. In Hoofdstuk 3 en 4 is een methode 
geëvalueerd om functionele Env complexen te isoleren 
middels een procedure die gebruik maakt van een mild 
non-ionisch detergens in combinatie met gel filtratie. Deze 
methode resulteerde in een preparaat dat 
hoogstwaarschijnlijk een mengsel van functionele en niet 
functionele Env complexen bevat in een membraan 
achtergrond. De Env preparaten waren niet in staat om 
neutraliserende antilichamen te isoleren via de phage-
display technologie, en konden ook geen neutraliserende 
antilichaam respons opwekken. Strategieën om het 
preparaat te verbeteren worden in deze hoofdstukken 
bediscussieert. 

In plaats van Env imitaties proberen te 
ontwikkelen en te bepalen in hoeverre deze 
neutraliserende antilichamen kunnen opwekken, is een 
andere benadering om van de neutraliserende 
antilichamen uit te gaan en de structurele vereisten te 
bepalen waaraan Env imitaties zouden moeten voldoen 
om zulke neutraliserende antilichamen op te wekken. 
Voorafgaande aan het onderzoek wat in dit proefschrift 
wordt gepresenteerd, waren wereldwijd maar drie 
antilichamen geïsoleerd, die beschouwd werden als breed 
neutraliserend. Twee van deze antilichamen, genaamd 
b12 en 2G12, zijn gericht tegen bindingsplaatsen 
(epitopen) op het gp120 envelop eiwit en één, genaamd 
2F5, is gericht tegen een epitoop op het gp41 envelop 
eiwit. In dit proefschrift worden twee nieuwe 
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neutraliserende antilichamen beschreven tegen twee 
additionele neutraliserende epitopen, die zijn geïsoleerd 
middels de phage-display technologie. 

Het eerste nieuwe neutraliserende 
antilichaam, genaamd X5, wordt beschreven in de 
Hoofdstukken 5,6 en 7 en is gericht tegen een epitoop 
op gp120. dat bloot komt te liggen na de interactie van het 
Env complex met CD4 op het cel oppervlak en dat de 
bindingsplaats voor de co-receptor overlapt. Alhoewel X5 
een breed neutraliserende activiteit heeft als het getest 
wordt als een antilichaam fragment (een kleiner deel van 
het hele antilichaam), is het minder effectief als heel 
antilichaam molecuul. In Hoofdstuk 6 wordt beredeneerd 
dat dit komt doordat na binding aan CD4 de beschikbare 
ruimte tussen het virus en gastheer oppervlak 
onvoldoende is om plaats te bieden aan een heel 
antilichaam molecuul. Strategieën voor het ontwerp van 
vaccins die als doel stellen om antilichamen op te wekken 
die tegen de co-receptor bindingsplaats zijn gericht, zullen 
dus waarschijnlijk ineffectief blijken. Wat dit wel 
suggereert is dat deze bindingsplaats wel gebruikt kan 
worden als doelwit voor zogenaamde klein moleculaire 
"entry-inhibitors". De kristalstructuur van X5, zoals 
beschreven in Hoofdstuk 7, kan als leidraad dienen voor 
zulke klein moleculaire entry-inhibitors. 

Het tweede nieuwe neutraliserende 
antilichaam, genaamd Z13, wordt beschreven Hoofdstuk 
8 samen met een ander antilichaam genaamd 4E10. 

Beide antilichamen herkennen een epitoop op gp41, 
gelegen naast het epitoop dat herkend wordt door het 2F5 
antilichaam en zou dus op dezelfde manier kunnen 
werken. In tegenstelling tot de meeste neutraliserende 
antilichamen, interfereert 2F5 niet met de binding van het 
Env complex aan de gastheer cel receptoren, wat 
suggereert dat hier sprake is van een ander neutralisatie 
mechanisme. De epitopen die worden herkent door deze 
antilichamen zouden dienst kunnen doen als mal voor een 
effectief vaccin tegen HIV-1. 

Tot slot wordt in Hoofdstuk 9 beschreven 
wat voor implicaties de studies hebben die in dit 
proefschrift beschreven staan tegen de achtergrond van 
relevante ontwikkelingen die beschreven staan in de 
recente literatuur over neutralisatie van HIV-1 door 
antilichamen. Met de voltooiing van dit proefschrift, is er 
voortgang geboekt in het definiëren van breed 
neutraliserende epitopen op HIV-1 envelop eiwitten. Om 
precies te zijn, zijn er vijf breed neutraliserende en dus 
geconserveerde epitopen gedefinieerd op het oppervlak 
van dit hoogst variabele virus. Vier van deze epitopen zijn 
toegankelijk voor antilichamen op het natieve virus en 
antilichamen tegen deze epitopen zouden door een vaccin 
moeten worden opgewekt. Het vijfde epitoop, gedefinieerd 
door antilichaam X5, zou een effectief doelwit kunnen zijn 
voor klein moleculaire geneesmiddelen. Kortom, nieuwe 
aanknopingspunten voor de ontwikkeling van een HIV-1 
vaccin zijn gedefinieerd. 

112 



lUrriniilum 
Curriculum vitae I I 

De auteur van dit proefschrift werd geboren op 11 augustus 1972 te Amsterdam. Na de middelbare school 
(Gymnasium [5 aan het Mondriaan Lyceum te Amsterdam) te hebben doorlopen, begon hij in 1990 met de studie 
Medische Biologie aan de Universiteit van Amsterdam, die hij in 1996 succesvol afronde. Tijdens zijn studie doorliep hij 
drie stages bij respectievelijk het CLB (afdeling Bloed Cel Chemie), Organon Teknika BV (Bio Research Unit) en het 
Scripps Research Institute (afdeling Immunologie). In 1997 begon hij als onderzoeker in opleiding (OIO) in het 
laboratorium van Prof. Dr. CE. Hack op de afdeling Immunopathologie van het CLB (Amsterdam). Zijn promotie 
onderzoek, dat beschreven staat in dit proefschrift, duurde vijf jaar. Van deze periode spendeerde hij in totaal 21 
maanden in het laboratorium van Prof. dr, D.R. Burton op de afdeling Immunologie van het Scripps Research Institute (La 
Jolla, U.S.A.). Per 15 augustus 2002 is hij werkzaam als scientist bij Genmab BV (Utrecht). 

The author of this thesis was born on august 11, 1972 in Amsterdam. After finishing high school (Gymnasium 
p, Mondriaan Lyceum, Amsterdam), he started studying Medical Biology in 1990 at the University of Amsterdam, where 
he obtained his masters degree in 1996. During his study he did three rotations at the CLB (department of Blood Cell 
Chemistry), Organon Teknika B.V. (Bio Research Unit) and The Scripps Research Institute (department of Immunology), 
respectively. In 1997 he became a Ph.D. student in the laboratory of Prof. Dr. C.E. Hack at the department of 
Immunopathology of the CLB (Amsterdam). His Ph.D. research, which is described in this thesis, took 5 years. Of this 
period he spent a total of 21 months in the laboratory of Prof. Dr. D.R. Burton at the department of Immunology of the 
Scripps Research Institute (La Jolla, U.S.A.). As of august 15, 2002 he is working as a scientist at Genmab BV (Utrecht, 
The Netherlands). 

List of Publications 
PAUL W H I. PARREN. PAOLA RSICARO, ARAN F. LABRIJN. JAMES M. BINLEY, WEI-PING YANG, HENRIK J. DITZEL, CARLOS F. BARBAS AND DENNIS R. BURTON 

In vitro antigen challenge of human antibody libraries for vaccine evaluation: the Human Immunodeficiency Virus 
type 1 envelope 
J. Virol. (70): 9046 -9050. 1996 

ARAN F. LABRIJN AND PAUL W.H.I. PARREN 

Neutralizing epitopes of HIV-1 
HIV Molecular Immunology Database 1999. Eds: Korber B.. Brander C, Haynes B.F.. et al: (Los Alamos National Laboratory. Theoretical Biology and 
Biophysics. Los Alamos. New Mexico): IV-18 • IV-34. 1999 (http://hJv-web.lanl.gov/immunology/) 

HAN G. HUISMAN. ALFONSO CAROTENUTO. ARAN F. LABRIJN. CRISTINA H.M. PAPAVOINE, JON D. LAMAN, M.M. SCHELLEKENS, MARCO H.G.M. KOPPELMAN 

AND CEES W. HILBERS 

Recognition properties of V3-specific antibodies to V3 loop peptides derived from HIV-1 gp120 presented in 
multiple conformations 
Biochemistry (39): 10866 -10876. 2000 

MICHAEL B. ZWICK. ARAN F. LABRIJN. MENG WANG, CATHERINE SPENLEHAUER. ERICA OLLMANN SAPHIRE, JAMES M. BINLEY, JOHN P MOORE, GABRIELA 

STIEGLER, HERMAN KATINGER, DENNIS R. BURTON AND PAUL W.H.I. PARREN 

Broadly neutralizing antibodies targeted to the membrane proximal external region of human immunodeficiency 
virus type 1 glycoprotein gp41 
J. Virol. (75). 10892-10905. 2001 

ARAN F. LABRIJN, MARCO H.G.M. KOPPELMAN. JANNEKE VERHAGEN, MIEKE C BROUWER, HANNEKE SCHUITEMAKER, C ERIK HACK AND HAN G. HUISMAN 

Novel strategy for the selection of recombinant human Fab fragments to membrane proteins from a phage display 
library 
J. Immunol. Methods (261): 37-48. 2002 

113 

http://hJv-web.lanl.gov/immunology/


MAXIME MOULARO, SANJAY K. PHOGAT. YUUEI SHU. ARAN F LABRUN, XIAODONG XIAO. JAMES M. BINLEY. MEI -YUN ZHANG. IGOR A. SIDOROV, CHRISTOPHER 

C. BRODER, JAMES ROBINSON, P A U L W.H.I. PARREN, DENNIS R. BURTON AND DIMITER S. DIMITROV 

Broadly cross-reactive HIV-1 neutralizing human monoclonal Fab selected for binding to gp120-CD4-CCR5 
complexes 
PNAS (99): 6913-6918, 2002 

MICHAEL B. ZWICK, ROBERT KELLEHER, RICHARD JENSEN, ARAN F. LABRUN, MENG W A N G , GERALD V. QUINNAN JR. . PAUL W.H.I. PARREN AND DENNIS R. 

BURTON 

A novel human antibody against Human Immunodeficiency Virus Type-1 gp120 is V I , V2 and V3 loop dependent 
and helps delimit the epitope of the broadly neutralizing antibody Immunoglobulin G1 b12 
J Virol (77). 6965-6978, 2003 

ARAN F. LABRUN, PASCAL POIGNARD. AARTI RAJA, MICHAEL B. ZWICK, KARLA DELGADO, MICHAEL FRANTI, JAMES M. BINLEY, VERONIOUE VIVONA, CHRISTOPH 

GRUNDNER, CHIH-CHIN HUANG, MIRO VENTURI, CHRISTOS J. PETROPOULOS, TERRI WRIN , DIMITER S. DIMITROV, JAMES ROBINSON, PETER KWONG, RICHARD 

T. WYATT, JOSEPH SODROSKI AND DENNIS R. BURTON 

Access of antibody molecules to the conserved coreceptor binding site on glycoprotein gp120 is sterically 
restricted on primary HIV-1 
J. Virol (77): 10557-10565. 2003 

RAMALAKSHMI DARBHA, SANJAY PHOGAT, ARAN F. LABRUN, YUUEI S H U , MICHELLE ANDRYKOVITCH, MEI -YUN ZHANG, RALPH PANTOPHLET, LOIC MARTIN, 

CLAUDIO VITA, DENNIS R. BURTON. DIMITER S. DIMITROV AND XINHUA J I 

Crystal structure of broadly HIV-1-neutralizing Fab X5 and a model of its epitope 
Submitted 

AAFKE LAND. T IM BEAUMONT. ARAN F. LABRUN. HANNEKE SCHUITEMAKER. INEKE BRAAKMAN AND HAN G. HUISMAN 

Neutralizing antibodies to autologous virus are elicited immediately during acute human immunodeficiency virus 
type-1 infection 
In preparation 

ARAN F. LABRUN, MARCO H.G.M. KOPPELMAN, AAFKE LAND, INEKE BRAAKMAN, HANNEKE SCHUITEMAKER, C. ERIK HACK AND HAN G. HUISMAN 

Immunogenic comparison of membrane-associated and soluble recombinant human immunodeficiency virus type 1 
envelope glycoproteins 
In preparation 

114 



] fankt 
Dankwoord « f I f l i 

Rest mij alleen nog het dankwoord...zonder twijfel het eerst en meest gelezen gedeelte van een proefschrift, 
en de afsluiter van een (soms wat langer dan geplande) periode waarin het promotieonderzoek centraal staat. Zelden tot 
nooit is een proefschrift 't resultaat van de verrichtingen van één persoon, maar het resultaat van het werk van velen. 
Daarom zijn deze laatste woorden dan ook bestemd voor diegenen zonder wiens steun, adviezen en inzet dit manuscript 
er nooit was gekomen. 

In het bijzonder wil ik Han bedanken, mijn co-promotor, voor de bevlogen begeleiding. Je romantische kijk op 
wetenschap heeft altijd zeer tot mijn verbeelding gesproken. Ik ben ervan overtuigd dat dat ook in de wereld der 
neurotransmitters z'n vruchten zal afwerpen. Erik, mijn promotor, bedankt datje me de mogelijkheid hebt geboden om dit 
onderzoek te kunnen doen, je nuchtere kijk op het onderzoek heb ik altijd zeer gewaardeerd en ik ben blij dat ik ook in 
mijn huidige functie af en toe een beroep kan doen op je encyclopedische kennis van de immunologie. Marco, jou wil ik 
bedanken voor de vele uurtjes pannen, de existentiële discussies over muziek (M: "..nee, Sting is beter..", A: "..nee, 
Rammstein is beter..", GvM:"... maar vlak vooral die Stones niet uit..') en je perfectionistische instelling. Ik ben blij dat je 
me ook bij de verdediging, als paranimf, bijstaat en ik wens je veel succes met je eigen promotie. Mieke, hoewel je 
relatief kort op dit project gezeten hebt is je inbreng tijdens de laatste fase (tussen de k-klussen door) van cruciaal belang 
geweest. Hiervoor mijn dank. De stagiëres Mel P, John, Janneke en Jantien, jullie wil ik bedanken voor je inzet en ik 
wens jullie veel succes bij je eigen (eventuele) onderzoeksloopbanen. Ook de afdeling KVI wil ik bedanken voor hun 
interesse, gastvrijheid en behulpzaamheid op het HlV-lab. In het bijzonder, Hanneke, bedankt voor de discussies en 
opbouwende kritiek die er naar mijn mening aan hebben bijgedragen dat 't onderzoek op het juiste spoor bleef. Tim en 
Ad (die andere antilichaam-spelers' op de 'CTL-mat') ook jullie wil ik bedanken voor de vele vruchtbare discussies en 
technische expertise. En natuurlijk Wen en Faat van 't secretariaat, bedankt voor het vele ondersteunende regelwerk, en 
zoals beloofd (en omdat een proefschrift natuurlijk ook een rare naam is voor iets waar niets te proeven valt), het recept 
voor Mama Labrijn's Hete Sateh-saus: 

4 teentjes knoflook 1 theelepel suiker 
2 middelgrote gesnipperde uien 1 theelepel zout 
2 eetlepels sambal (hoe heter hoe beter) 1 eetlepel vet-sin 
1 pot pindakaas (hoe goedkoper hoe beter) sap van 1/2 citroen 
3 eetlepels ketjap manis kokend water 

Fruit de uien samen met de uitgeperste knoflook in een sauspan op middelhoog 
vuur. Voeg hier 1 dl water aan toe en roer de pindakaas hier doorheen. Breng dit 
geheel aan de kook en voeg ondertussen de overige ingrediënten toe. Verlaag het 
vuur als het kookpunt is bereikt en verdun het geheel met kokend water tot de 
gewenste dikte bereikt is. Serveer het over de sateh met wat gedroogde gebakken 
uitjes. Slamat Makan. 

Natuurlijk wil ik ook alle andere vaste medewerkers, parttimers, kamergenoten, visiting-scientists, studenten en andere 
toevallige en minder toevallige passanten van de afdelingen Immunopathologie bedanken voor alle hulp, gezelligheid, en 
inbreng (op welke manier dan ook) tijdens 'the making of van dit proefschrift. 

Part of the work presented in this thesis was performed in the 'Burton-lab' at the department of Immunology 
of the Scripps Research Institute. I would like to thank all the temporary and not so temporary inhabitants of the Burton 
Lab for making my visits memorable ones. It has been a pleasure working with you guys. I particularly would like to thank, 
Paul, my other co-promotor, for excellent supervision, het mogelijk maken van 'dat extra jaar Amerika' and especially for 
your expertise in writing papers. Dennis, thank you for giving me the opportunity to do this research in your lab, your 
relaxed attitude combined with your high-standard approach to (viral) research have been an example. Pascal, Michael, 
James, Ralph and Maxime. I would like to thank you guys for all the fruitful discussions, helpful suggestions, company 
during congress visits, coffee-runs, squash matches and the numerous co-authorships. Ann. Dawn, Meng, Richard. Rob 
and Darren, thanks for all expert advise, technical assistance, neuts, Fab and antibody purifications during my stays. Also 
Ellen and Christina, I'm grateful to you for taking care of so many things. Additionally I would also like to thank all the co
authors who contributed to the work outlined in this thesis. 
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Veel promovendi storten zich geheel op het werk (vooral als de druk op de ketel staat) en veronachtzamen 
daarbij nogal eens hun privé-leven. Vriendjes en vriendinnetjes, jullie wil ik daarom hartelijk bedanken voor jullie 
medeleven en de diverse catan-, culinair-, concert-, film-, komedie-, kroeg-, pool-, popquiz-, squash- en 
videomarathonsessies die tijdens deze periode hebben gezorgd voor de onontbeerlijke ontspanning. Mogen er nog velen 
volgen. Tjomme en Chiel, jullie wil ik tevens bedanken voor het feit dat jullie mij ook tijdens deze laatste beproeving als 
paranimfen terzijde staan. Mijn familie (aan beide zeiden van de Atlantische oceaan) wil ik bedanken voor alle 
belangstelling, vertrouwen en ondersteuning tijdens de afgelopen jaren. In het bijzonder, oom Ben en tante Zus. bedankt 
voor alle gastvrijheid en steun tijdens mijn verblijven in de U.S. and for providing me with a 'home away from home'. Pa 
en ma, jullie bedankt voor al jullie interesse, medeleven en onuitputtelijke steun (in elke denkbare vorm) door de jaren 
heen. 

Lieve Sanne, ondanks dat onze wegen elkaar niet meer overlappen, wil ik je bedanken voor jouw bijdrage in 
de afgelopen periode. Zonder jouw onuitputtelijk vertrouwen, liefde en enthousiasme was 'dat extra jaar Amerika' lang 
niet zo succesvol geweest. 

116 



117 



"Blut ist ein ganz besonderer Saft" 
J.W. von Goethe 
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Behorende bij het proefschrift getiteld: 
'Neutralizing Antibodies to the HIV-1 Envelope Glycoproteins' 

1. De mate van verrijking van neutraliserende antistoffen in een antilichaam phage-
display bank door selectie met een vaccin in vitro, kan als maat dienen voor de 
effectiviteit van het vaccin in vivo. {J.Virol (70): 9046-9050 '96) 

2. De meerderheid van de antilichamen opgewekt tijdens een natuurlijke HIV-1 infectie 
herkennen epitopen die niet beschikbaar zijn op het membraan-geëxpreseerde Env 
complex, [dit proefschrift) 

3. Bij het ontwerpen van een Env immunogeen dient niet alleen rekening te worden 
gehouden met de oligomere conformatie, maar ook met de membraanomgeving. 
(o7fproefsc/?r//r) 

4. Het CD4i epitope is geen geschikte doelwit voor een AIDS vaccin, wel als 
aangrijpingspunt voor klein moleculaire 'entry-inhibitors', (dit proefschrift) 

5. Gezien de variabiliteit van het Env complex vormen de Hl V-receptoren geschiktere 
doelwitten voor therapeutische antilichamen. 

6. De grote mate van inzicht die de opheldering van de gp120 kristalstructuur 
opleverde gaf nieuwe dimensies aan de uitdrukking 'kristalhelder'; de hoeveelheid 
vragen die dit nieuwe inzicht teweeg brengt pleit echter voor het schrappen van 
dezelfde uitdrukking uit de dikke van Dale. 

7. The most exciting phrase to hear in science, the one that heralds the most 
discoveries, is not "Eureka!", but "That's funny...". (Isaac Asimov) 

8. Er bestaat jammer genoeg geen correlatie tussen de toename in kennis over 
virusziekten en het realisme van de weergave van virussen in de film. 

9. Preventief ruimen is een veel gehanteerd middel in het voorkomen van een virus
epidemie. Mensen die beweren dat je met condoomgebruik de Hl V-epidemie 
bevorderd, dienen hiervoor in aanmerking te komen. 

10.Pantomime is stom. 

Amsterdam, 
Februari 2004 






