Neutralizing Epitopes of HIV-1

7
=
Q2
S
(O]
@

Neutralizing Epitopes of HIV-1

Aran F. Labrijnt and Paul W. H. |. Parren?

1 Department of Pathophysiology of Plasma Proteins, CLB and Laboratory of
Experimental and Clinical Immunology, Academic Medical Center, University
of Amsterdam, Amsterdam, The Netherlands. Email: A_Labrijn@CLB.nl

2 The Scripps Research Institute, Department of Immunology, 10550 North
Torrey Pines Road, IMM2, La Jolla, CA 92037. Email: parren@scripps.edu

INTRODUCTION

Ideally, avaccine against human immunodeficiency virustype 1 (HIV-1)
would induce neutralizing antibody levels which would provide sterilizing
immunity. The levels of antibody required however may not be achievable by
vaccination (Gauduin et al., 1997; Parren et al ., 1997; Moore and Burton, 1999;
Shibata et al., 1999). Nevertheless, neutralizing antibody responses albeit of
lesser, but still significant potency, will likely be essential in an HIV-1 vaccine
incombinationwithbroadly activecel lular responses(Burtonand Mooreitetal.,
1998). 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 (Planz et al., 1997; Baldridge et al., 1997,
Dittmer et al., 1998; Parren et al., 1999; Dittmer et al., 1999a; Dittmer et al.,
1999b).

Effectivevaccineshave been devel oped against anumber of viral diseases
mostly by using empirical methods. Many of these vaccines, including those
against smallpox, measles and polio, consist of live attenuated viruses. Live
attenuated viruses have consistently provided protection against infection with
simian immunodeficiency virus (SIV) and SIV/HIV-1 chimeras in non-human
primates. Serious safety concerns exist however which preclude the use of such
vaccinesin humans (Ezzel, 1997; Babaet al., 1999). The immune correlates of
protecti onagainst infection of macaquemonkeysby liveattenuated SIV havenot
been clearly defined and the role of antibodies and cytotoxic T-lymphocytes
(CTL) have been questioned (Stott and Schild, 1996; Stebbings et al., 1998).
Protection against SHIV (SIV/HIV chimerasexpressing HIV-1 envel opeglyco-
protein) by vaccination with attenuated SIV argues against arole of antibodies
(Shibata et al., 1997; Wyand et al., 1999). A series of elegant experimentsin

which protectiveimmune 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 challengein
mice vaccinated with an attenuated retrovirus (Dittmer et al., 1999a). Further-
more, whereasCTL wererequiredto protect agai nst | ethal infection, neutralizing
antibody responses appeared necessary to prevent persistent infection (Dittmer
et al., 1999b).

Understanding neutralization of HIV-1 primary isolatesisimportant for
a knowledge-based approach for the development of avaccine 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 envel ope glycoprotein complex playsapivotal rolein
the early events of virus attachment and entry into the target cell. Neutralizing
antibodiesfound inthe seraof infected individual sareprimarily directed agai nst
thiscomplex. Thecomplexisarrangedinatrimericconfigurationof heterodimers,
each consisting of agp120 surfacesubunit non-covalently associated withagp4l
transmembrane subunit, i.e., (gp120-gp41),. By comparing the amino acid
seguence of gp120 subunits of different HIV-1 isolates, five variable regions
(V1-V5) and five conserved regions (C1-C5) have been identified (Starcich et
al., 1986; Modrow et al., 1987). A crystal structure of gp120 lackingtheV1, V2
andV3loopsandthe C and N termini suggeststhat the gp120 coreisstructurally
organized into two major domains, the inner and outer domain, and a mini-
domain termed the bridging sheet (Fig. 1A) (Kwong et al., 1998). The inner
domain harbors both the N and C termini of gp120, which are involved in the
interaction with gp41 (Wyatt et al., 1997), and is the probable site of trimer
packing (Kwong et al., 1998). The outer domain displays an extensively
glycosylated surface and as such is effectively concealed from the humoral
response. Thebridging sheet iscomposed of four antiparallel 3-sheetsextruding
from the distal ends of the inner and outer domains. Together with additional
contributions from the base of the V 1/V 2 stemloop structure this domain forms
theconserved co-receptor binding-site. The CD4 binding-site(CD4bs) islocated
within a depression at the interface of the three domains and is relatively well
conserved between HIV-1isolates. Although coordinatesfor theV1,V2,V3and
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 inamodel of gp120 based on experimental

IV-18
DEC 99



datain combination with the position of the bases of the loops (Fig. 1B)(Parren
et al., 1999).

The aminoterminal ectodomain of the gp41 glycoprotein consists of two
a-helical regions that are connected by an extended disulfide-stabilized 1oop
region. The aminoterminus of gp41 (residues 1-29) contains the hydrophobic,
glycinerich*“fusion peptide” which playsacritical roleinthefusion of viral and
target cell membrane. Three-dimensional structural analysis of peptides corre-
sponding to portions of the ectodomain of gp41 reveal a symmetrical trimer in
complex (Luetal., 1995; Tanetal., 1997; Weissenhorn et al., 1997; Chanet al .,
1997). Inthisoligomeric configuration, which probably representsthe state after
triggering of the fusion process (often referred to as the “hairpin” state), the
aminoterminal a-helices form a central parallel coiled coil, around which the
carboxyterminal a-helices are packed in an antiparallel arrangement.

Theinfection processisinitiated by attachment of the virusto the target
cell viatheinteraction between thegp120 subunit withthecellular receptor CD4.
Thesubsequent interactionsbetween gp120 anditsco-receptorsarecomplex and
require conformational changes induced by binding to CD4 (Sattentau and
Moore, 1991; Sattentau et al., 1993; Thali et al., 1993). Presumably, theVV1 and
V2 loops partially mask both CD4 and chemokine binding sites (Wyatt and
Sodroski, 1998), and thismasking isfully manifested only in mature oligomeric
gp120(Fig. 1B). Thus, conformational changestriggered by multivalent binding
of oligomeric gp120to acluster of CD4 moleculesdisplacestheV1,V2and 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
membranesin close proximity. Upon binding to the co-receptor further confor-
mational changes result in the destabilization of the gp120-gp41 interaction.
Thistriggers gp41 to undergo itstransition to form a*“ prehairpin” intermediate
(Chanand Kim, 1998), whichincludestheinsertion of thefusion peptide of gp41
intothetarget cell membrane and the possi bl edi ssociation of thegp120 subunits.
The gp41 than undergoes additional conformational changes resulting in the
formation of the “hairpin” structure and the fusion of the viral and target cell
membranes, whichfinally resultsintheintroduction of thenucleocapsidwiththe
viral genome into the host-cell.

MATURE OLIGOMERIC ENVELOPE VERSUSVIRAL DEBRIS

TheHIV-1 envelope existsin anumber of antigenically distinct forms. It
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is synthesized as an envelope precursor molecule gpl60, which oligomerizes
andiscleaved into gp120 and gp41 (Allan et al., 1985; Robey et al., 1985). The
mature functional (gp120-gp41), oligomer on the virion surface tends to disso-
ciate(shed) (Poignard et al., 19964) resulting intherel ease 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. Thefoll owing observationshaveled usto concludethat the
majority of the response is elicited against the unprocessed gp160 or disas-
sembled envelope (i.e., viral debris) rather than the mature oligomer (Parren et
al., 1997). 1. Antibodies against HIV envelope retrieved from HIV-1-infected
individual singeneral haveamuch higher affinity for unprocessed envel opethan
for matureoligomericenvelope(Parrenetal., 1997). 2. Neutralization correl ates
with antibody binding to mature oligomeric envelope (Roben et al., 1994;
Sattentau and Moore, 1995; Foutset al., 1997; Parren et al., 1998), and primary
isolate (see below) neutralizing antibody titersin serafrom HIV-1 seropositive
individualsaregenerally poor (Mooreet al., 1996; Moog et al., 1997; Pilgrim et
al., 1997). Viral debris rather than virions therefore appears to be the primary
antigen specificity of antibodies against HIV-1 envelope in HIV-1 infected
individuals.

T CELL LINE ADAPTED VIRUSESVERSUSPRIMARY ISOLATES

One of the most noticeable influences on HIV-1 neutralization is that of
theorigin of thevirus producer cell (reviewed in Mooreand Ho, 1995; Poignard
et al., 1996b). 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
(Fouchier et al., 1992), preferentially utilize CX CR4 as aco-receptor (reviewed
inD’ Souzaand Harden, 1996; Maooreet al., 1997; Berger, 1997), and haveahigh
affinity for CD4 (Platt et al., 1997; Kozak et al., 1997). These T cell line adapted
(TCLA) virusesarereadily neutralized by sCD4 and al argespectrum of different
monoclonal antibodies (mAbs) (reviewed in Moore and Ho, 1995). By contrast
primary isolates, i.e., viruses obtained by limited passagein primary cultures of
activated peripheral blood mononuclear cells(PBM C), may use CXCR4 (termed
X4 viruses), CCR5 (R5 viruses) or CXCR4 in combination with CCR5 (R5X4
viruses) (Berger et al., 1998). They generally have areduced affinity for sSCD4
and neutralizing mAbs, and generally display a high degree of resistance to
neutralization by these ligands (Stamatatos et al., 1997; Fouts et al., 1997 and
reviewed in Moore and Ho, 1995) (Fig. 2).
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Fig. 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) corein complex with CD4 and mAb 17b (Wyatt et al., 1998; Kwong et
al., 1998) andreviewed in Parren et al ., 1999). A) Theviewpoint of themodel isfromthe
target-cell membrane. Three structural elements are shown: the outer domain, the inner
domainandthebridging sheet. The CD4bs(red oval) islocated at theinterface of thethree
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 thevariableloops can be placed onthe gp120 core, based on experimental data
frommAb mapping and mutagenesi sstudiesin combination with the position of thebases
of theloops. TheV 1/V 2 stemloop structure partially masksthe CRbsand the CD4bs. The
inner domain isinvolved in the interaction with gp41 and is the probable site of trimer
packing. Theouter domain isextensively glycosylated asindicated by the blue dots. The
2G12 epitope (purple oval) is located at the base of the V3 and V4 loop and probably
involvescarbohydrate structures. C) Model of mature oligomeric envel opefrom atarget-
cell viewpoint. The main characteristic of thismodel isthat 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 structureisfully manifested. The V3 loop also partially obscuresthe CRbs
andthetip of theVV3loopisrelatively inaccessibleinthisconfiguration. Inthe open state,
the V3 loop is well exposed and the masking of the CD4bs and CRbs by the V1/V2
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stemloop structureislessevident. Presumably, the oscil ation of mature oligomeric gp120
of primary isolateshasan equilibrium biased in favor of the closed state, whereas mature
oligomeric gpl120 of TCLA viruses is biased toward the open state. Neutralization
correlates with antibody binding to oligomeric envelope (Roben et al., 1994; Sattentau
and Moore, 1995; Parren et al., 1998) and can be understood in terms of epitope
accessibility. Epitopesof theCD4bs, V 3loop and CRbsareaccessibleon TCLA envelope
and antibodies against these sites neutralize TCLA viruses. These epitopes arerelatively
inaccessible on primary isolate envelope and primary isolates are therefore mostly
resistant to neutralization by such antibodies. An immunoglobulin molecule (IgG1) is
depicted next to the oligomeric envel ope complex to demonstrate the rel ative size of the
neutralizing agent and theaccessiblesurface. With an accessi ble surface of approximately
3000 A2 on the neutralizing face of gp120, excluding the variable loops (Kwong et al.,
1998), it can be hypothesized that thereis space for three non-competing antibodies per
gp120 molecule (with a binding area of approximately 800-900 A2).
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Fig. 2. An idealized depiction of neutralization resistance of HIV-1 isolates. TCLA
isolates are highly sensitive to neutralization by antibodies and sCD4 in contrast to
primary isolates which are relatively neutralization resistant. A bell-shaped curve was
drawnto depict thefact that thedegree of neutralization sensitivity candiffer significantly
between isolates. Some primary isolates (e.g., BZ167) (Moore and Montefiori, 1997) are
just as sensitive to antibody mediated neutralization as TCLA isolates. Others may be

extraordinarily resistant (e.g., 93US143 and 92US077) (Parren et al., 1998). In the
evaluation of neutralization data, it is critical to note the neutralization phenotype of the
isolateused. Neutralization of highly neutralization sensitiveisol atesby an antibody does
not predict neutralization of relatively resistant isolates more representative of isolates
encountered in human infection, and may therefore havelittle valuefor the eval uation of

candidate vaccines.

IvV-21

DEC 99

SMaINSY




Neutralizing Epitopes of HIV-1

7
=
Q2
S
(O]
@

The structural basisfor the large difference in neutralization sensitivity
between TCLA viruses and the majority of primary isolates can be understood
asfollows. It seemslikely, 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 gpl20 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. 1C). In thisway, the virusin vivo would sacrifice
someefficiency 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 interac-
tionsinstead. This notion appears to be generally applicableto lentiviruses, in
that SIV, felineimmunodeficiency virus (FI1V) and equine infectious anaemia
virus (EIAV) adapt to passage in cell lines in the same way as HIV-1 does
(Baldinotti et al., 1994; Moore et al., 1995; Cook et al., 1995; Means et al.,
1997; Montefiori et al., 1998).

Neutralization sensitivity isanimportant factor to takeinto account when
evaluating HIV-1 neutralization studies. TCLA virusesarehighly neutralization
sensitive(Fig. 2) anditiswell recognized that thishasmidedthe HIV-1vaccine
field for many years (Cohen, 1993). These viruses nevertheless can be valuable
asthey can beused to eliminate aconcept from further consideration, asafailure
toinactivate TCLA HIV-1linvitroorinvivowouldbevery discouraging (Burton
and Moore, 1998). Successwith TCLA HIV-1 however should not be overem-
phasized asinactivation of TCLA HIV-1by anantibody inaneutralization assay
or aninvivo challenge experiment woul d be encouraging, but would not predict
activity against a primary isolate. It is important to note than neutralization
sensitivitiesmay also differ significantly between primary isolates, asindicated
by the bell-shaped curvein Fig. 2. Some primary isolates are almost as sensitive
as TCLA strains (e.g., BZ167)(Moore and Montefiori, 1997), whereas others
may be exceptionally neutralization resistant (e.g., 92US077)(Parren et al.,
1998). Arguably, the efficacy of HIV-1 neutralization particularly when evalu-
ating candidate vaccines should be assessed with primary isolates of intermedi-
ate 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

(Kwong et al., 1998), together with earlier mutagenic and antibody competition
studies(M ooreand Sodroski, 1996; Ditzel etal., 1997), anantigenic surfacemap
could be constructed, on which the spatial positioning of the neutralizing and
non-neutralizingepitopesarerevealed (Wyatt etal ., 1998). Neutralizing epitopes
on gpl20 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 1). Far fewer
epitopes are accessible on the mature envel ope of primary isolates and neutral-
ization of a range of isolates has only been observed with mAb b12 which
recognizes the CD4bs and residues of the V2 loop (Burton et al., 1994; Roben
etal., 1994; Moet al., 1997) and mAb 2G12 which recognizes an epitope at the
base of V3 and V4 loop.

Table1l. Neutralizing epitopes exposed on HIV-1 mature oligomeric

envelope
Neutralization of
Epitope TCLA Primary
recognized Antibodies strains isolates
gpl120
V3 loop2, 19b, 447/52D Yes No
CD4bs F105, 21h, 15e Yes No
CD4bs/V2 b12 Yes Yes
CDd4i 17b, 48d Yes No
V2 C108G Yes No!
L15, 697D No No?
base of V3 2G12 Yes Yes
and V4 loop
gp4l
ELDKWA (residues 2F5 Yes Yes
662—667)
1 Strain specific neutralization
2 Some weakly
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An antigenic surface map has also been proposed for gp41l abeit less
complete than for gp120 (Binley et al., 1996; Earl et al., 1997). These studies
identified at least three conformational dependent epitope clusters present on
native gp4l, termed cluster I-111. Antibodies to epitope clusters | and Il are
readily detectableinserafromHIV-1linfectedindividuals, but most studiesshow
that none of the three clusters neutralize TCLA strains or primary isolates at
biologically relevant concentration (Sattentau et al., 1995; Binley et al., 1996).
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 mature oligomeric (gpl120-associated) gp4l is
defined by the neutralizing mAb 2F5 and is located in the membrane proximal
part of the ectodomain of gp41 (Table 1 and Muster et al., 1993; Muster et al.,
1994; Sattentau et al., 1995). Studiesfrom onelab have suggested aneutralizing
epitope within the cytoplasmic domain of gp41 (Chanh et al., 1986; Dalgleish et
al., 1988; Evans et al., 1989), however this has not been confirmed by others
(D' Souzaet al., 1994; D’ Souza et al., 1995).

NEUTRALIZING EPITOPES

V3

Thethird 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 tothedominant roleV 3loop specificmAbsplay in TCLA
strain neutralization, their rolein primary isolate neutralization isinsignificant
(VanCaott et al., 1995; Spenlehauer et al., 1998). This inability of V3 loop
specificmAbstoneutralizeprimary isol atesisthought toresult fromtherel ative
inaccessibility of the V3 loop in the native oligomeric envelope complex of
primary isolates as compared to that of TCLA strains (Bou-Habib et al., 1994).
Furthermore, because of the hyper-variability of the V3 loop, the mAbsto this
epitope display a highly strain-specific neutralizing activity.

Binding studies with monomeric gp120-CD4 complexes have demon-
strated that mAbsto the V3 loop inhibit theinteraction of thiscomplex withthe
co-receptor (Wu et al., 1996; Trkolaet al., 1996a; Hill et al., 1997). Although
this would suggest neutralization at a post-attachment stage on intact virions,
anti-V 3 loop antibodies neutralize TCLA viruses by inhibiting HIV-1 attach-
ment to the target cell (Ugolini et al., 1997; Vaenzuelaet al., 1997).

Neutralizing Epitopes of HIV-1

CD4bd

The mgjority of antibodies to gp120 recognizes discontinuous or confor-
mationally sensitive epitopes, of which the CD4 binding domain (CD4bd) isthe
most prevalent (Moore and Ho, 1993). 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 hasbecome evident that the majority of
CD4bd antibodiesthat could neutralize TCLA strainswere unableto neutralize
primary isolates, with the exception of mAb bl12. MAb bl2 recognizes a
conformation dependent epitope that overlaps the CD4bs with some involve-
ment of the V2 loop (Roben et al., 1994; Mo et al., 1997). Uniquely among the
CD4hd specific mAbs, b12 binds equivalently or better to the oligomeric form
of the envelope glycoprotein (Roben et al., 1994; Fouts et al., 1997).

CD4i

A highly conserved but poorly immunogenic epitopeis defined by mAbs
that bind better to gp120 upon complexation with CD4. These antibodies, like
17b and 48d (Thali et al., 1993; Wyaitt et al., 1995), were shown to inhibit the
interaction of the gp120-CD4 complex with CCR5 (Wu et al., 1996; Trkola et
al., 1996a), 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 (Rizzuto et al., 1998). 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,
antibodiesto CD4i epitopeshave been showntoinduce gp120 dissociation from
gp4l (Poignard et al., 1996a). 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

MADbs to the V1/V2 stemloop structure generally recognize conforma
tional epitopeswhich arelocated in the central region of the V2 loop (Moore et
al., 1993; McKeating et al., 1993; Gorny et al., 1994) and have been shown to
neutralize TCLA strainsrelatively well (Warrier etal., 1994). Sofar mAbstothe
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
(Gorny etal., 1994; Vijh-Warrier et al., 1996), although therange of i sol atesthat
can beneutralized isvery limited (Pinter et al., 1998). The sequence variability,
aswith the V3 loop, and additionally a substantial length polymorphism make
this epitope very strain specific (Wang et al., 1995).
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2G12

Antibody competition studiesidentified aunique competition group that
included asingle antibody, 2G12 (Trkolaet al., 1996b). Based on resultsfrom
studiesinvolving glycosidase treatment of gp120 and mutagenic alteration of
N-linked carbohydrate sites, the epitope of this antibody islocated at the base
of theV3and V4 loop and probably involves carbohydrate structuresin the C2,
C3, C4and V4 domains (Trkolaet al., 1996b). Theinclusion of carbohydrate
structuresin the epitope might explaintherarity of thismAb. The 2G12 epitope
ispredictedto beoriented towardsthetarget cell upon CD4 binding. Thiswould
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
(Muster et al., 1993; Muster et al., 1994; Conley et al., 1994; Burton, 1997).
Thisantibody recogni zesan epitopethat hasbeen mappedtothelinear sequence
ELDKWA, whichislocated in the membrane proximal part of the ectodomain
(residues 662—667) (Muster et al., 1993) and isthe only epitopeon gp41thatis
exposed on the native oligomeric conformation of the HIV-1 envelope glyco-
proteincomplex (Muster etal., 1993; Muster etal., 1994; Sattentau et al ., 1995).
MADb 2F5 does not interfere with virus attachment to the target cell, but
neutralizes at alater stage (Ugolini et al., 1997).

NEUTRALIZATION MECHANISMS

The principal mechanism of antibody-mediated neutralization for
HIV-1istheinhibition of attachment of thevirusto thetarget cell (Ugolini
et al., 1997). This was found to be independent of the epitope cluster
recognized by the neutralizing mAb (Parren et al., 1998).

Several mechanisms to inhibit attachment can be envisioned and
have been proposed (Dimmock, 1995). Aggregation has been shown to be
effective in neutralizing poliovirus or human rhinovirus (reviewed in
Dimmock, 1995), however the observations that monovalent ligands neu-
tralize as well as bivalent ones argues against arole of this mechanismin
HIV-1 neutralization (Parren et al., 1998). Furthermore, the bell-shaped
curve associated with this mechanism has not been described for HIV-1
(McLain and Dimmock, 1994) and aggregates could not be recovered in
neutralizing antibody-treated HIV-1 preparations (McDougal etal., 1996).
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 (Schgnning et al., 1999).

With one observed exception all effectively HIV-1-neutralizing
mADbs block virus attachment to the target cell either by inhibiting the
interaction with CD4 or the co-receptor (Wu et al., 1996; Trkola et al.,
1996a; Ugolini et al., 1997). The absence of an epitope bias suggests that
any antibody capable of binding to the limited surface of gp120 that is
exposed inthe mature oligomer (Fig. 1C) can effectively block interaction
with the receptor binding sites (Parren et al., 1998). For attachment of
virustothetarget cell to occur, presumably multiplecontactsinalocalized
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 afusion event (Parrenetal., 1998).
Such amechanism isin good agreement with an elegant study on stoichi-
ometry of mAb mediated neutralization. In thisstudy, neutralization could
be explained with an incremental model in which neutralization occurs
incrementally as each envelope molecule binds mAb (Schgnning et al.,
1999). 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, atheoretical model has been
proposed (Klasse and Moore, 1996). It predicts that neutralization is the
result of the reduction of the number of functional envelope molecules
below acritical threshold. Neutralization resistance of primary isolatesis
explained by affinity of antibodies to primary isolate envelope and a
higher number of envelope spikes per primary isolate virion (Klasse and
Moore, 1996). Envelope density as a modifier of neutralization however
isnot consistent with anincremental model (Schanning et al., 1999). It has
been demonstrated furthermore that neither increased spike density nor
spike stability could account for the neutralization resistance of primary
isolates (Karlsson et al., 1996). The mechanism of primary isolate neutral -
ization and neutralization resistance therefore require further study. Con-
vincing datahowever support anincremental mechanisminwhich coating
of virionswith antibody prevent attachment to the target cell and neutral-
ization potency is determined by antibody affinity for the mature envelope
oligomer.
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The one exception on the principal neutralization mechanism is consti-
tuted by the gp41 specific mAb 2F5, which does not inhibit virus attachment to
the target cell, but neutralizes at a later stage (Ugolini et al., 1997). The exact
mechani sm by which this epitope mediates neutralization of thevirusisunclear,
but the epitopeislocated near a conserved tryptophan-rich region that has been
implemented in env-mediated fusion (Salzwedel et al., 1999). Mutationsin the
epitope had only alimited effect on cell-cell fusion, which makesit unlikely that
thisepitopeisdirectly involvedin thefusion process (Salzwedel et al., 1999). A
hypothetical mechanism for neutralization could be that 2F5 interferes at some
stage with the completion of thetransition of the non-fusogeni ¢ state to the post-
fusion state (Binley and Moore, 1997; Chan and Kim, 1998).

RELEVANCE OF IN VITRO NEUTRALIZATION DATA

The neutralizing activity of amAbismeasured in vitroin the absence
of complement and antibody-dependent cell-mediated cytotoxicity. This
would suggest an underestimation of the neutralizing efficacy of amAbin
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 (Parren et al., 1995;
Gauduin et al., 1995; Gauduin et al., 1997; Mascolaet al., 1999; Shibata et
al., 1999). The studies show that when amAb is capabl e of neutralizing the
challengevirusinvitro, sterilizing immunity can be obtained at concentra-
tionsintheorder of 1-2logs greater than those needed for 90 neutralization
in vitro (Parren et al., 1997). To achieve protection, serum neutralizing
antibody levels that are sufficient to inactivate virtually all the virusin an
invitro assay need to be achieved. Failureto 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-freevirus(Pantaleo et al., 1995). Once HIV-1infection
isestablished, even highlevelsof neutralizing antibody haveno or only very
limited effects on an ongoing infection (Poignard et al., 1999). Thisis not
to say that pre-existing neutralizing antibody concentrations below the
levels that would provide sterilizing immunity have no effect upon viral
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 (Planz et al., 1997; Baldridge et al., 1997; Dittmer et al., 1998;
Parrenetal., 1999; Dittmer et al., 1999a; Dittmer et al., 1999b). A reduction
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of pathogenicity has furthermore been observed in passive neutralizing
antibody transfer studies in macaques and chimpanzees. (Conley et al.,
1996; Mascola et al., 1999).

ADDITIONAL EFFECTSOF 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
withdifferent specificitiesontheneutralization of TCLA strains(Kennedy etal.,
1991; McKeating et al., 1992; Tilley et al., 1992; Pottset al., 1993; Laal et al.,
1994; Vijh-Warrier et al., 1996) and primary isolates (Mascolaet al., 1997) in
vitro. These studiesdemonstrate aneutralizing effect that isgreater than the sum
of separate neutralizing abilities of the tested Abs, or synergy. However, the
observed synergy isgenerally weak and could only be shown with mathematical
models. Thebiological relevance of thismechanismisunknown, asitishard 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 SHIV g 0 in pigtail macaques, demonstrated a
general correlation between the synergistic effectson neutralization observedin
vitro and the protection in vivo (Mascola et al., 1997; Mascolaet al., 1999). In
severe combined immunodeficient mice reconstituted with human peripheral
blood lymphocytes (hu-PBL-SCID mice), a cocktail of 2F5, 2G12 and b12
reduced theviral RNA titer during established infection, whereasb12 alone had
no detectable effect (Poignard et al., 1999). This synergy however can be
explained by the necessity of individual viruses to acquire multiple amino acid
mutationsfor neutralization escape rather than by binding cooperativity effects.

NOVEL NEUTRALIZING EPITOPES

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 epitopeswhich 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 becomesexposed after interactionwith CD4isthe CD4i epitopeoverlapping
the co-receptor binding-site. MAbsto thisepitopeisolated to date do not display
primary isolate neutralizing activity at relevant concentrations. It can however
not be excluded that more potent antibodies do exist.
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Thefusiogenic state of gp41 haspreviously been identified asatarget for
neutralization by studies using peptides that mimic the carboxyterminal helices
of gp4l (Jiang et al., 1993; Wild et al., 1994). The peptides were able to inhibit
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 sensitive sites. However, arecent study inwhichfusing cellswere
fixed using formalin, suggests the presence of yet unidentified neutralizing
epitopes on thefusogenic state of themembrane complex (LaCasseet al., 1999).
Thisobservation suggeststhat the rarity of these types of antibodies may be due
toatemporal rather than aphysical constraint. However, to date no definite proof
has been provided that the mouse sera recognize epitopes on the viral proteins
and not cellular antigens (Montefiori and Moore, 1999).

NON-ENVELOPE MEDIATED NEUTRALIZATION

Several examplesof neutralizationinvitro havebeen described, whichare
mediated by antibodies that are not directed to the envelope complex. The
majority of non-envelope neutralizing antibodies is directed at cellular mem-
brane proteins. During the budding process HIV-1 acquires avariety of cellular
proteins on its membrane (Arthur et al., 1992; Tremblay et al., 1998), although
thediversity of the proteins present on the membraneisprobably an overestima-
tion dueto contamination of thevirion preparationswith microparticles (Raposo
et al., 1996; Gluschankof et al., 1997; Bess et al., 1997; Dettenhofer and Yu,
1999). Antibodiesto several of thesehost cell derived proteinshave been shown
to neutralizein vitro. Most notabl e are the antibodi es to the receptor-ligand pair
ICAM-1 (intercellular adhesion molecule-1; CD54) and LFA-1 (leukocyte
function-associated molecule-1; CD11a/CD18) (Gomez and Hildreth, 1995;
Rizzuto and Sodroski, 1997). Also antibodiesto HLA-DR, 2-microglobuline
and HLA class| have been shown to neutralizeinvitro (Arthur et al., 1992). As
inhibition of attachment is a major mechanism of neutraization of HIV-1
(Ugalini et al., 1997) it may be that antibodies to these proteins present on the
virionmembraneinterferewith binding of the envel ope complex to thereceptors
on the target cell. Alternatively, the incorporation of MHC class Il enhances
virusentry into thetarget cell (Cantin et al., 1997). By blocking thisinteraction
the infection processisless 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 components (Arthur et al., 1995; Stott and Schild, 1996). The impor-

tance of antibody mediated neutralization via these self-antigens in humansis
unclear. It is suggestive that the extent of HLA mismatch between mother and
child and relative rarity of certain HLA haplotypesin commercial sex workers
have been shown to correlate with the risk for seroconversion. However,
antibodiesagainst HL A class| allotypesdo not appear to contributeto resistance
against HIV-1infectioninexposed uninfected sex workers(reviewedin Plummer
et al., 1999).

Host-derived cyclophilin A is specifically incorporated into HIV-1 viri-
onsthrough interactionswith the gag protein and isrequired for infection. It has
been suggested that cyclophilin A may play arolein virus-cell fusion and that
antibodies against cyclophilin A may inhibit HIV-1 infection (Sherry et al.,
1998). 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
aroleinavaccineagainst HIV-1 (Sherry et al., 1998). Ascyclophilin A isaself-
protein, however, it isvery unlikely that effective and safe responses could be
elicited.

During natural infection theviral regulatory protein Tat isreleased from
productively infected cells (Ensoli et al., 1993; Westendorp et al., 1995; Chang
etal., 1997) whereinturnit may transactivate virusreplication in the neighbor-
ing cells (Frankel and Pabo, 1988; Ensoli et al., 1993). Extracellular Tat also
induces co-receptor expression and thereby facilitating HIV-1 transmission (Li
et al., 1997; Huang et al., 1998). Antibodies against Tat were shown to inhibit
HIV-1,,, replication in vitro and correlate with non-progression in vivo (Re et
al., 1995; Zagury et al., 1998). Theseresultsindicate apossiblerolefor anti-Tat
antibodies in controlling HIV-1 infection. In a study in cynomolgus monkeys
vaccinated withaTat vaccinehowever control of pathogenic SHIV g4 o infection
did not correlate with Tat-neutralizing antibody levels (Cafaro et al., 1999).

CONCLUSIONS

HIV-1sensitivity toneutralizationisdetermined to someextent by thecell
in which the virus was grown, less so by the target cell and co-receptor used.
Increased accessibility of epitopes on the mature oligomeric envelopeof TCLA
viruses probably determines their relative sensitivity to neutralization as com-
pared to primary isolates (summarized in Fig. 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 enve-
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lope oligomer.

A number of common neutralizing epitopes have been identified on
TCLA HIV-1 gpl120. 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 gpl20 appear to be accessible on primary isolate envelope and
conserved on a broad spectrum of isolates: an epitope which involves residues
of the CD4bsand the V2 |oop recognized by mAb b12 and an epitope at the base
of V3 and V4 loop recognized by mAb 2G12. Both these epitopes are poorly
immunogenic and antibodieswith b12 and 2G12 specificity arerarely elicitedin
the humoral response after HIV-1 infection. A single neutralizing epitope has
been defined on HIV-1 gp41. Thisepitope recognized by mAb 2F5isrelatively
conserved, poorly immunogenic and is accessible on TCLA aswell as primary
isolate oligomeric envelope.

Neutralization of HIV-1invitroisagood measure of theantiviral activity
of agiven antibody preparation. Thereisagood correlation between neutraliza-
tion in vitro and protection: antibody concentrations that neutralize all the
challengevirusinaninvitro assay can providesterilizing immunity invivo. Pre-
existing neutralizing antibody concentrations at insufficient levels to provide
sterilizingimmunity may decrease pathogenicity by reducingtheviral inoculum
and clearing infected cells, thereby allowing moretimefor the cellular immune
response to mature. Once HIV-1 infection is established, however, even high
levelsof neutralizing antibody haveno or only very limited effectsonan ongoing
infection.

There are many indications that a vaccine that would effectively dlicit
high affinity antibodies against conserved epitopes accessible on mature oligo-
meric envelope of HIV-1 primary isolates would have amajor 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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