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Abstract

Neutralizing antibodies against HIV-1 play an important role in preventing viral infections. Less 
clear is their role in the containment of viral replication in infected individuals. However, evidence 
is accumulating that neutralizing antibodies may help the cellular arm of the immune response to 
prevent or delay the progression to AIDS. Detection of neutralizing antibodies depends on the in 
vitro neutralization assays used, and standardization of the assays is essential in order to be able 
to compare the magnitude and quality of a neutralizing antibody response in sera or other fluids 
from HIV-infected patients, uninfected HIV-1 exposed persons, or vaccinated animals/persons. Viral 
mechanisms to prevent neutralization include high variability and extensive glycosylation of the 
Envelope proteins, Envelope trimerization and shedding as well as late exposure of functionally 
important entry domains by conformational changes induced upon CD4 binding. These are also 
the difficulties encountered in the design of immunogens able to induce neutralizing antibodies 
upon vaccination. (AIDS Reviews 2006;8:51-9)
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Neutralizing antibodies during  
the course of HIV-1 infection 

Generally, antibodies against HIV-1 appear about 
12 weeks after infection, which is when sera from 
HIV-infected persons first are detected positive by 
diagnostic tests like ELISA or Western blot (Fig. 1). 
This immune response is clearly mounted by the 
gradual increase in virus load in the patients and fol-
lows the peak of viremia observed early during pri-
mary infection. 

Neutralizing antibodies (NAb, i.e. antibodies able to 
interfere with the infection of target cells), however, are 
usually detected at much later time points towards the 
end of the first year after infection1-4. From these ob-
servations it was deduced that NAb do not play a 

major protective role once the infection has occurred. 
Rather, the containment of viral replication in the early 
asymptomatic phase of the infection was mostly at-
tributed to the cellular arm of the immune system, es-
pecially since the appearance of a strong cytotoxic 
T-lymphocyte (CTL) response timely precedes the 
strong decay of primary viremia. However, in recent 
years evidence is accumulating that NAb may also 
contribute – besides CTL – to the control of virus re-
plication in infected persons or experimentally infected 
animals. Before reporting on these data, we will dis-
cuss some important technical issues concerning NAb, 
i.e. their detection by in vitro neutralization assays as 
well as mechanisms of neutralization and escape. 

Detection of neutralizing antibodies  
by in vitro neutralization assays 

Antibody mediated neutralization is measured by in 
vitro neutralization assays. A variety of different neutral-
ization assays is being used in the laboratories, which 
complicates comparison of the data obtained by different 
labs. Experts in the field promulgate standardization of 
the procedures in order to be able to compare results5. 
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Hopefully one day, neutralization assays will be rou-
tinely used to monitor NAb induced by vaccines, and 
the only way to compare such immune responses is by 
standardized neutralization assays. Neutralization as-
says measure the reduction of infectivity of a virus added 
to target cells after pre-incubation with the neutralizing 
agent, in this case NAb. Virus production is then moni-
tored in comparison to a control without the neutralizing 
agent or an unspecific agent added and the antibody or 
serum dilution giving 50% neutralization is determined. 

Today it is known that primary HIV-1 viruses (isolated 
from patients) differ from cell line adapted viruses in 
the amount and the structure of the Env spikes they 
present at the surface6-9. Furthermore, primary target 
cells like lymphocytes and macrophages also differ 
from established cell lines in the proteins on their sur-
face, including proteins that are responsible for the 
primary attachment of HIV-1 to cells. Consequently, 
results from neutralization assays performed with pri-
mary viruses on primary cells differ from those ob-
tained with clonal HIV-1 isolates on cell lines. Genera-
lly, primary viruses are more difficult to neutralize than 

cell line-adapted viruses. Whereas the primary assays 
are much closer to the natural situation of HIV-1 infec-
tion, the more artificial cell line-based neutralization 
assays are much easier to standardize. Various setups 
including the readout of reporter genes (luciferase, 
green fluorescent protein) or measurement of p24 pro-
duction are available to detect a reduction in viral in-
fectious titer. Recombinant reporter viruses (replica-
tion-competent viruses) carrying the reporter gene can 
be cloned and generated by transfection of 293T cells 
with the recombinant plasmids. Alternatively, pseudo-
viruses carrying the env protein from the HIV-1 isolate 
to be analyzed on an env-deleted virus particle, which 
has not necessarily to be derived from HIV-1, can be 
produced by co-transfection of an env-deleted viral 
backbone genome with the marker gene and a plasmid 
carrying the respective env gene into packaging cells 
(Fig. 2). The generated pseudoviruses are not replica-
tion competent, but they can enter into target cells for 
HIV-1 in single-round infection assays. Virus entry and 
neutralization are then quantitated according to the 
reporter-gene expression within the cells. 

Figure 1. Antibodies against HIV-1 are first detected a few weeks after infection (solid line) and decline upon the onset of AIDS after sev-
eral years. NAb may contribute to maintain viremia at low levels (dashed line) during the asymptomatic phase of the infection, resulting in 
delayed disease progression as compared to patients with higher viral load after seroconversion (dotted and dot-dash lines).
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Recently it was shown that pseudoviruses and repli-
cation-competent viruses generated after transfection 
into cell lines exhibit similar neutralization sensitivity6. 
However, passage of the replication-competent viruses 
on peripheral blood mononuclear cells (PBMC), led to 
decreased sensitivity to NAb. As for primary viruses, 
this loss in neutralization capacity was due to the ac-
quisition of increasing amounts of envelope glycopro-
teins upon passage on PBMC. This example again 
underlines that the setup of the neutralization assays 
directly influences the outcome and detection of NAb. 
For the required standardization, pseudoviruses or 
recombinant reporter viruses with their advantage in 

simplicity and practicability as well as cell lines as 
targets are good to start with, but one should keep in 
mind that PBMC-derived viruses behave differently 
and are less sensitive to neutralization6. But also, on 
a given cell line and for a given neutralizing agent 
(antibody or serum), reporter viruses carrying diffe-
rent Env differ in their sensitivity to neutralization. This 
is due to the intrinsic variability of the env gene of 
HIV-1, which can be more than 40% between Env 
derived from different subtypes. Therefore, standard-
ization of neutralization assays also requires a well 
established set of standard viruses derived from dif-
ferent HIV-1 subtypes circulating in the world. Re-

Figure 2. In vitro neutralization assay based on the production of replication-incompetent HIV-1 pseudoviruses carrying a luciferase reporter 
gene. Reporter pseudoviruses carrying the env gene from patient viruses are generated upon co-transfection of an env-deleted, packagable, 
reporter plasmid and a plasmid encoding the patient’s virus env gene. Pseudovirions are then used for infection of HIV-1 target cells after 
pre-incubation with the antibodies to be tested for neutralization. Neutralization will result in reduced infection of the target cells as compared 
to a control without antibodies that can be quantified by measuring the luciferase activity in the cell lysate.
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cently, such sets of standard isolates have been pro-
posed for neutralization studies5.

Mechanism of neutralization 

Several mechanisms of neutralization are known to-
day. The most common mechanism of antibody media-
ted neutralization is interference with HIV-1 entry into 
target cells: NAb have been well characterized that 
block infection by binding to different structural inter-
mediates exposed during the HIV-1 entry process10,11. 
These antibodies include b12 against the CD4-binding 
site in gp120, 2G12 directed against carbohydrates in 
gp120, 17b, 48d or X5 that bind the CD4-induced 
coreceptor binding sites in gp120, as well as 2F5 and 
4E10 targeting gp41 during the very last step of entry, 
membrane fusion (Fig. 3). Generally these antibodies 
block infection by binding to distinct epitopes on the 
viral Envelope that are functionally important for infec-
tion. Consequently, HIV-NAb are also known that bind 
to cellular receptor sites implicated in HIV-1 entry12. 
Moreover, mapping the epitopes of such antibodies by 
the phage display technology served to identify cel-
lular HIV-1 entry epitopes13,14.

The stoichiometry of the neutralization reaction is still 
not very clear. Some studies describe that covering the 
virus with antibodies over a critical density prevents in-
teraction of the gp120 protein with the CD4 receptor15-17. 
One study showed increased neutralization of HIV-1 
particles if covered beyond a critical density18. In con-
trast, a recent study by Sodroski, et al. contradicts this 
theory19. The binding of one single antibody molecule 
to one gp120/gp41 trimer is sufficient to inactivate its 
function. The efficiency of antibody binding to the enve-
lope trimer therefore determines the potency and sus-
ceptibility to neutralization19. Of note is also that viral 
stocks contain a majority of deficient particles20,21. These 
defective virions may contain a low amount of intact 
envelope trimers20,22,23, lose their gp120 content by 
shedding24-26, or exhibit potential envelope heterogene-
ity7,27-30. Recent studies showed that the amount of pro-
cessed gp120/gp41 envelope trimers varies on the 
surface of the virions and usually is between 7-196,7,22, 
depending also on the cell type the viruses have been 
generated from6. This again underlines the importance 
of standardization, not only for the neutralization assays 
per se, but also for the production of the virus stocks to 
be used. Antibodies can also exert their neutralizing 

Figure 3. The multi-step HIV-1 entry process is sensitive to neutralization by very rare monoclonal NAb. B12 targets the viral gp120 and 
interferes with the CD4-binding site, 2G12 is directed against a glycosylated epitope on gp120, 17b binds to coreceptor binding domains in 
gp120 that become exposed after CD4-binding, and 2F5 as well as 4E10 neutralize virus entry at the late stage of membrane fusion between 
virus and cell by binding to gp41.
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effect by simply cross-linking virus particles, leading to 
high molecular aggregates that can be eliminated by 
phagocytosis. Alternatively, they can activate the com-
plement cascade or lead to antibody directed, cell-me-
diated cytotoxicity, both leading to killing of infected 
cells, rather than simply neutralizing cell-free virions31,32. 
It should also be mentioned that occasionally antibodies 
might also have enhancing effects, especially after im-
munization with whole virus particles33. 

Viral escape and immune evasion 

The envelope glycoproteins, especially the surface 
of gp120, are the major virus-specific targets acces-
sible to NAb. During natural HIV-1 infection, the NAb 
titer is generally low and directed against the autolo-
gous virus isolate of the patient1,34-36. Only occasiona-
lly, broadly neutralizing antibodies that also neutralize 
heterologous HIV-1 strains have been described34. 
HIV-1 uses a variety of strategies to escape the NAb 
directed against it by the host. First, conserved struc-
tures and domains of gp120 important for binding to 
the receptors and for viral entry are covered by highly 
variable loops, designated V1 to V5, and thus pro-
tected from antibody attack37,38. Although NAb can 
also be directed against these variable structures (in 
particular against V3) there is rapid escape due to 
point mutations, insertions or deletions in the variable 
loops, as well as a shift in glycosylation sites39. Several 
studies identified three different domains in gp120 im-
portant for immunogenicity: the neutralizing face, the 
non-neutralizing face, and the silent face. Most NAb 
are directed against the neutralizing face; the silent 
and the non-neutralizing face are not accessible due 
to heavy glycosylation or intermolecular interactions in 
the gp160 trimer38,40,41. Preferential targets for broadly 
neutralizing antibodies are the conserved regions of 
gp120 building the receptor binding sites41-45. Epitopes 
for antibodies against the CD4 binding site or corecep-
tor binding sites in gp120 are conformational (i.e. dis-
continuous and highly conserved) as all natural HIV-1 
isolates, despite their high variability, generally infect 
cells via CD4 and CCR5 or CXCR4. The CD4bs and 
CCR5bs are masked by the V1/V2 and V3 loops41 
and hardly accessible in the native, functional trimer. Bind-
ing to the CD4 receptor changes the location of these 
loops exposing the CD4i epitopes, amino acids form-
ing the coreceptor binding site (Fig. 3). At this interme-
diate stage of infection, however, the virus particle is 
already close to the cellular membrane limiting the 
space for accession of NAb. In line with this, it has 

been shown that smaller single-chain Fv or Fab anti-
bodies can neutralize much more efficiently at this step 
than the large, complete antibody molecules46. 

Thus, the multi-step process of infection involving sub-
sequent binding of two different receptors – binding to 
the second being dependent on binding to the first – is 
a very sophisticated mechanism to protect epitopes 
functionally important for infection from NAb. 

The evidence for a protective role  
of neutralizing antibodies 

Although the humoral immune response clearly 
contributes to prevent infections with HIV-1, its role in 
controlling established HIV-infections is still unclear and 
often the basis for discussion. Whereas the control of 
established infections was mainly attributed to the cel-
lular arm of the immune response10,47, the humoral arm 
is coming into focus again, as several publications show 
that antibodies – induced by the infection or adminis-
tered passively – can indeed help to control virus replica-
tion48. In a study by Ruppach, et al., NAb could be de-
tected in patients with known time point of infection as 
early as eight weeks after infection when using primary 
macrophages as target cells in the neutralization as-
says49. Furthermore, the authors found an inverse asso-
ciation between the neutralizing titers of the patient sera 
and the viral load in the respective persons. This may 
indicate a potential role of NAb in early virus control. 
Richman, et al. demonstrated the presence of NAb after 
six months in a longitudinal study in patients followed 
after primary infection using HIV-1 reporter viruses and 
a cell line neutralization assay50. However, these anti-
bodies only neutralized the autologous, contemporane-
ous virus isolate and selected for rapid evolution of Env 
mutants that were neutralization-resistant. Recent publi-
cations proved the presence of NAb in fluids of highly 
exposed, persistently seronegative persons (HEPS), or 
infected patients able to control or delay HIV-induced 
disease to some extent34,36,50-58. Since 90% of the world-
wide infections with HIV-1 are transmitted via mucosal 
surfaces, a vigorous mucosal immune response would 
be beneficial to prevent the establishment of HIV-infec-
tion. Both a strong cellular immune response, but also 
HIV-NAb, have been detected in highly exposed unin-
fected sexual partners from HIV-infected persons52,59,60. 
Nothing is known so far about the epitopes recognized 
by these antibodies, however. NAb – if present in the 
bloodstream – can reduce the infectivity of the virus, 
lower the risk of transmission61-63, or be beneficial in 
containing the infection48. A few monoclonal antibodies 
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against HIV-1 with exceptionally broad neutralizing ca-
pacity (b12, 2G12, 2F5, 4E10) generated from HIV-1 
positive individuals were intensively studied to examine 
the role of such antibodies for protection. These antibod-
ies, originally raised against HIV-1 clade B, have potent 
cross-neutralizing capacity in vitro as single agents and/or 
in combination against primary HIV-1 clade A, B, C, and 
D isolates64-66. When used as postexposure prophylaxis 
in monkeys, two of four rhesus neonates were protected 
after oral challenge, and the two infected animals were 
protected from disease progression67. The treatment 
with a combination of broadly neutralizing antibodies 
could therefore be a promising approach to prevent 
postnatal HIV transmission. A combination of various 
such NAb was protective against intravenous68,69, intra-
vaginal70,71, and oral69,72 challenges in monkeys47,73. The 
studies document the valid assumption that NAb, if used 
in combination and therefore potent enough, are indeed 
able to prevent HIV infection or to markedly delay dis-
ease progression. A recent investigation studying the 

impact of monoclonal NAb in combination in humans 
supports the positive effects with respect to protection 
and delayed disease progression48. However, it was also 
shown that the neutralizing response needs to be “ex-
ceptionally broad and potent to be effective”48. 

The presence of NAb in HIV-infected individuals who 
contain the infection for decades without any antiviral 
therapy may also indicate that HIV is vulnerable to the 
humoral immune response in these persons. Several 
studies identified potent cross- NAb in the sera of such 
individuals, known as long-term nonprogressors 
(LTNP)2,56,74-76. However, multiple factors are known to 
cause non-progressive disease, including host genetic 
factors77,78, deletions in viral regulatory genes79, and a 
strong CTL response80,81. A recent study clearly de-
monstrates the presence of broadly neutralizing anti-
bodies in LTNP sera and applied a reverse vaccinology 
approach to identify the epitopes of those antibodies, 
as these should in turn be able to induce NAb upon 
vaccination (Humbert, et al., submitted). 

Figure 4. Reverse vaccinology approach for the identification of epitopes for HIV- NAb in LTNP sera. Patient antibodies immobilized on magnetic 
beads are incubated with phages displaying random peptide sequences on their surface (biopanning). After several rounds of positive and negative 
selection, disease-specific phage clones are enriched. The peptide sequences of these clones are analyzed with respect to homology to the linear 
and the three-dimensional structure of the gp120 protein using a special software82. Phages with peptide sequences that can be aligned as confor-
mational epitopes on the surface of gp120 are used for the immunization of animals to analyze their potential to induce HIV- NAb. If these are de-
tected with in vitro neutralization assays, the selected mimotope indeed mimics a conformational epitope for HIV-NAb in the original patient serum.
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Immunogens and preliminary vaccines 

The development of an HIV vaccine, able to induce 
NAb to prevent the primary infection and/or to support 
CTL for containing an established infection, is an extraor-
dinary challenge. A vaccine-induced immune response 
generating NAb can mediate sterilizing protection if the 
antibodies are present in high enough titers in the blood-
stream as well as in the mucosal tissue at the time of 
primary infection. After the establishment of infection, a 
vaccine-induced, cellular immune response would be 
beneficial to clear infected cells from the body before 
the virus can spread across the cellular compartments83. 
The successful studies about passive transfer of mono-
clonal NAb to protect monkeys from infection or to reduce 
viremia with a delayed disease progression, underline the 
importance of the humoral immune system in preventing 
HIV infection and they demonstrate that NAb can indeed 
be protective, provided their presence in high titers be-
fore infection. Much effort has been undertaken to iden-
tify protective immunogens. Thirty seven vaccine trials 
using recombinant protein units or peptides to induce an 
immune response (antibody as well as CTL) are listed on 
the IAVI report page; some of the trials are still ongoing 
(http://www.iavireport.org/trialsdb/). Among the trials, 
most of the proteins used for immunization consist of the 
HIV-1 Envelope derived from different clades (gp120, 
gp140 or gp160), but also combinations of various HIV-1 
proteins, like p24 or Tat are being used. Peptide vaccines 
representing the V3 loop or CTL-epitopes for Nef, Gag 
and Env have also been included. Because the NAb 
response is mainly directed against the viral Envelope, 
gp120 was first thought to be an easy-to-make and prom-
ising vaccine. But the versatility of the virus and mutability 
of the envelope foiled these plans. Intensive structural 
studies on the envelope proteins and their trimeric struc-
ture on the viral surface revealed the virus’ versatile de-
fense systems (see above) and indicated that a subunit 
envelope vaccine cannot induce potent enough NAb. 
Consequently, a monomeric gp120 vaccine candidate, 
tested in phase III, was not efficient in protecting against 
HIV-1 infection84-87. The immune evasion of important en-
velope domains by shielding them with sugar moieties 
was bypassed in a study with monkeys infected with a 
mutated SIV, in which the glycosylation sites around the 
V1/V2 loops were removed to disclose the underlying 
CD4bs. Indeed, the NAb generated initially controlled the 
infection before the virus mutated and escaped88. But this 
example shows that vaccines presenting the immune 
system with the Achilles heel of the virus are capable of 
inducing broadly protective antibodies that are able to 

contain the infection, at least for a while. One critical issue 
for the outcome of infection seems to be the exact timing 
of the immune response. An already established immune 
protection before exposure to the virus gives the host a 
competitive advantage89. Another difficulty encountered in 
many trials is the correct presentation of the immunogens 
in order to induce NAb, even in cases where the epitopes 
of NAb are known. This is exemplified, for instance, by the 
NAb 2F5 directed against gp41 and interfering with mem-
brane fusion during the late stage of infection (Fig. 3). The 
epitope of this antibody is very well known90,91; neverthe-
less, numerous trials failed to induce NAb with that epitope 
presented in different contexts to the immune system of 
vaccinated animals. A recent study, where the membrane-
proximal regions including the 2F5 epitope were expressed 
in the context of the corresponding protein p15 from por-
cine endogenous retrovirus (PERV) describes the induc-
tion of HIV-1 NAb upon immunization with these hybrid 
proteins92,93. Also, the presentation of epitopes on phage 
may be suited to present those peptides in an appropriate 
manner. The immunization of macaques with a phage-
displayed vaccine, comprising several peptides represent-
ing domains of the HIV-1 envelope and originally isolated 
with serum from HIV-1 infected individuals, induced a NAb 
response and protected from infection with SHIV89.6P94,95. 
However, this aggressive SHIV virus variant uses CXCR4 
as a coreceptor, which is unlikely to be the primary infec-
tion route over mucosal tissues. Nevertheless, the benefit 
of small peptide vaccines mimicking several antibody tar-
gets on the viral envelope demonstrates the phage-display 
technology as a powerful tool in identifying new vaccine 
candidates. 
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