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Recent  advances  in  HIV  vaccine  development  have  created  a renaissance  in  the search  for  a  safe  and
effective  HIV  vaccine.  These  advances  include  the  first demonstration  in human  clinical  trials  of  a vaccine
candidate  that  provided  modest  levels  of  protection  from  HIV infection;  a  series  of  candidates  entering
into  clinical  trials  with  an  improved  profile  of  protection  against  SIV  in  non-human  primate  studies,  and
the identification  from  HIV infected  individuals  of  new  broad  and  potent  monoclonal  antibodies  against
HIV  that  target  conserved,  vulnerable  regions  of  the  HIV  envelope  glycoprotein  spike.  The  major  challenge
eywords:
roadly neutralizing antibodies (bNAbs)
roadly neutralizing monoclonal antibodies
bnMAbs)
IV envelope glycoprotein (HIV-Env)

for successful  HIV  vaccine  development  rests  on  overcoming  the  unprecedented  hyper-variability  of  HIV,
which  likely  will  require  induction  of  broadly  protective  neutralizing  antibodies  to  prevent  HIV  infection,
and broad  and  robust  cellular  immune  responses  to control  HIV  infection.  This  presentation  will  review
the challenges  and  opportunities  for development  of  vaccine  candidates  capable  of  eliciting  broadly

gains
mmune evasion mechanisms
V-144

neutralizing  antibodies  a

. Introduction

HIV continues to cause significant morbidity and mortality, par-
icularly in sub-Saharan Africa. Since the identification of HIV as the
tiologic agent that causes AIDS [1,2], more than 60 million persons
ave become HIV infected, with 25 million succumbing to AIDS,
ver 33 million living with HIV, and over 7000 new infections daily
3]. Despite the remarkable achievements in development of anti-
etroviral therapies against HIV, and the recent advances in new
revention technologies, the rate of new HIV infections continue
o outpace efforts on HIV prevention and control. Simply put, the
orld needs an HIV vaccine.

In thirty years since the AIDS virus was first recognized, there
ave been only three vaccine approaches that have completed
uman efficacy trials (Table 1). The first was a gp120 monomeric
rotein in alum, and this candidate failed to prevent or control HIV

nfection [4].  The second, a recombinant adenovirus type 5 vac-
ine, containing HIV gag, pol and nef genes, also failed to provide
ny benefit [5];  in fact, more HIV infections occurred in the vac-
inated group when compared with the placebo, for reasons that

re still not completely understood. Lastly, in 2009, a prime-boost
trategy (RV-144) utilizing a canarypox vector prime + monomeric
p120 boost provided the first signal for prevention of HIV
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infection in humans, albeit with a modest 31.2% efficacy [6].  In con-
trast, this regimen had no effect on control of HIV as measured by
viral load in those subjects who  subsequently became HIV infected.
Currently, there is only one efficacy trial ongoing, a test-of-concept
trial assessing the efficacy of a DNA prime + Ad5-HIV vector boost,
with data expected from this trial in 2013 [7].  Building on the results
from RV-144, plans are underway to gain insights into potential cor-
relates of protection, and to conduct additional efficacy trials with
related vector prime plus protein boost-regimens.

Recently, several vaccine concepts assessed in the SIV-rhesus
macaque model, have provided greater levels of protection than
the Adenovirus type 5-SIV–gag–pol–nef candidate which is analo-
gous to the Merck Ad5-HIV vaccine noted above. These candidates
include prime-boost strategies such as DNA + Ad5 [8] and electro-
porated DNA + IL12 + Ad5 [9],  heterologous Adeno vectors [10], and
cytomegalovirus (CMV)-based vaccines [11], and we look forward
to data from human clinical trials of these and related vaccine con-
cepts in the coming years.

HIV poses multiple scientific challenges to vaccine developers.
The first challenge is the lack of an ideal animal model. While the
low dose repeated SIV challenge model for T cell based vaccines
aimed at controlling HIV infection accurately predicted the failure
of the Merck Ad5 based vaccine [12], the current chimeric SHIV
models which include HIV-Env have limitations in addressing the
hypervariability of HIV. Other challenges include the lack of corre-

lates of protective immunity; the capacity of the virus to target
and integrate its genome into cells of the immune system; and
most importantly, the unprecedented hyper-variability of HIV [13].
Thus, safe and effective HIV vaccines will likely require induction

dx.doi.org/10.1016/j.vaccine.2011.11.014
http://www.sciencedirect.com/science/journal/0264410X
http://www.elsevier.com/locate/vaccine
mailto:wkoff@iavi.org
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Table  1
HIV vaccine efficacy trials.

Vaccine candidate Prevention of HIV infection Control of HIV
infection

2003 VaxGen: gp120 No No
No –
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monoclonal antibodies 2F5 or 4E10 [46]. Similarly, b12 conferred
complete protection in a dose-dependent manner [47], and 2G12
conferred protection at relatively low doses of antibody [29]. Under

Table 2
Broadly neutralizing monoclonal antibodies against HIV.

Target on HIV Env Antibodies References

CD4 binding site b12; VRC01; PGV04; HJ16 [23,34–36]
MPER 2F5 and 4E10 [24–27]
Conformational PG9; PG16; CH01–CH04 [32,33]
2007 Merck rAd5: Gag, Pol, Nef 

2009  RV-144 (Sanofi/VaxGen) Canarypox Gag, Pol, Env/gp120 boost 

2013  Ongoing: NIAID-VRC: DNA + Ad5; gag–pol–nef; Env A, B, C 

f broadly protective neutralizing antibodies to prevent HIV infec-
ion, and broad cellular immune responses to control HIV infection.

hile the product development pipeline includes some approaches
or induction of broad cellular immune responses, including the use
f conserved epitopes across the genome [14], and mosaic antigens
15], there currently are no candidates in the pipeline that elicit
roadly neutralizing antibodies (bNAbs) against HIV.

. The HIV vaccine neutralizing antibody problem

Most successful vaccines induce neutralizing antibodies, but
IV will likely require the induction of bNAbs, due to the hyper-
ariability of the virus. However, HIV has several characteristics
hat pose formidable challenges to vaccine designers with respect
o induction of bNAbs. First, the native HIV envelope glycopro-
ein (HIV Env) trimer, the target of neutralizing antibodies on
he surface of the virus, is unstable, with immunodominant non-
ative forms of Env on the virion surface capable of inducing
on-neutralizing antibodies [16]. Secondly, HIV Env consists of
ariable and conserved regions, and the variable regions tend to be
mmunodominant, leading to type-specific neutralizing antibodies

ith minimal breadth across the global diversity of HIV isolates
17]. Thirdly, there are relatively few native HIV Env trimers on the
urface of HIV, which is dominated by non-native forms of HIV Env
nd host cell proteins captured in the virion membrane in the bud-
ing process from infected cells [18]. Lastly, the HIV Env is covered
ith sugar molecules, making interactions of neutralizing antibod-

es and virion epitopes of such antibodies difficult [19]. Collectively,
hese immune evasion mechanisms pose significant obstacles to
he induction of bNAbs by vaccines.

. Identification of broad and potent neutralizing
ntibodies against HIV

Natural history studies of HIV infected individuals has revealed
hat between 10% and 30% of HIV+ individuals develop bNAbs,
hough it usually takes three or more years post infection for
uch antibodies to develop [20]. However, only 1% of HIV infected
ndividuals termed “elite neutralizers” develop antibodies with
utstanding breadth and potency [21]. Mapping of serum reactiv-
ties of these individuals reveals only a small number of broadly
eutralizing epitopes on HIV Env [22]. Broadly neutralizing mono-
lonal antibodies (bnMAbs) isolated from these individuals provide
ore precise clues to the vulnerable regions on HIV Env that can

hen be targeted for vaccine design.
Prior to 2009, only four bnMAbs (b12, 2G12, 2F5, and 4E10) had

een identified. MAb  b12 binds to a conformationally conserved
urface of HIV Env that overlaps a portion of the CD4 binding site
23]. 2F5 binds the ELDKWA sequence in the heptad repeat 2 region
f gp41, and 4E10 to the NWFDIT sequence at the point where gp41
nserts into the lipid bi-layer [24,25]. These membrane proximal
xternal region (MPER) antibodies attach to the lipid viral mem-

rane via their hydrophobic CDR H3 loops, which is an important
omponent of their neutralizing activity [26,27]. Lastly, 2G12 tar-
ets the high-mannose cluster on the glycan shield of HIV, and has

 unique V (H) domain-exchange structure [28–31].
 more infections in vaccines than placebo No
efficacy – first signal in humans for benefit by HIV vaccine No

?

Recently, application of novel technologies to recombinant
human monoclonal antibody isolation such as single cell B cell
cloning, deep sequencing, and microneutralization assays have led
to a large number of new, broader and more potent HIV-1 spe-
cific neutralizing monoclonal antibodies than previously described.
More importantly, these new tools have catalyzed the HIV-1 vac-
cine field by providing new targets on HIV-1 Env which may  now
be exploited for vaccine design. The first of the recent series of such
bnMAbs came with the identification of PG9, PG16 and related anti-
bodies, targeting an epitope preferentially expressed on trimeric
HIV Env protein which spans conserved regions of variable loops
of gp120 [32,33]. Antigenically resurfaced glycoproteins were used
as probes to identify sera from donors with neutralizing antibodies
to the CD4 binding site which led to the identification of VRC01
and related monoclonal antibodies [34–36].  Moreover, an addi-
tional set of broad and potent monoclonal antibodies against HIV
was  recently identified, many of which target epitopes associated
with glycan residues on HIV Env (PGT series of Abs [37]) (Table 2).
Collectively, these recent discoveries have now re-focused vaccine
design efforts for induction of bNAbs to a limited number of con-
served, vulnerable sites on HIV Env. Fig. 1 provides a schematic of
the location of the epitopes for the broadly neutralizing antibodies.

4. HIV bnMAbs protect monkeys from SHIV infection

HIV vaccines assessed to date have not elicited bNAbs. The
VaxGen monomeric gp120 vaccine conferred high levels of
non-neutralizing binding antibodies, and type-specific neutral-
izing antibodies primarily against Tier 1 sensitive isolates of
HIV, but failed to prevent HIV infection. Similarly, the ALVAC
prime + VaxGen gp120 boost regimen assessed in the RV-144 trial
did not confer bNAbs. The correlates of the modest protection
observed in RV-144 is currently the subject of intensive investi-
gation, and to date, no immune correlates have been conclusively
identified.

Experiments in the rhesus macaque monkey model have
demonstrated that SIV or SIV/HIV hybrid virus (SHIV) infections
can be prevented by passive infusion of bNAbs [29,38–43] or by
vector-mediated delivery of genes expressing bNAbs [44]. Com-
plete protection against SHIV infection in macaques was obtained
by passively administering HIV neutralizing monoclonal antibodies
2G12 and 2F5 and anti-HIV immunoglobulin’s [42,45] or by infusing
epitope in conserved
regions of variable
loops

Glycan related epitopes 2G12; PGT series [28–31,37]
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ig. 1. The envelope of HIV-1 carries spikes. (a) Each spike is made of three molecules
p41.  Glycoprotein gp120 contains variable V1/V2 and V3 loops, as well as the bindin
ntibodies are shown as colored circles.

imilar conditions, non-neutralizing antibodies have been reported
o not be protective [43,45]. Recently, b12 was found to protect

acaques from SHIV infection while b6, a weak-neutralizing anti-
ody which targets the CD4 binding site, was not protective [48].
n this same study, however, a non-neutralizing antibody targeting
p41 gave inconclusive partial protection when topically adminis-
ered. Newborn macaques could be also protected from oral SHIV
hallenge by passive immunization with bnMAbs, b12, 2G12 and
F5 [38,49].  These studies suggest that induction of bNAbs by vac-
ination could prevent HIV infection, and thus immunogen design
fforts aimed at eliciting such antibodies should continue to be a
riority in HIV vaccine discovery.

. IAVI’s Neutralizing Antibody Consortium (NAC)

IAVI has established an international consortium of laboratories
hat is working to understand the interplay of bNAbs and HIV Env,
nd translating this information to the design of vaccines ideally
apable of eliciting such potent HIV-specific neutralizing antibod-
es [50]. The NAC has two  complementary strategies for vaccine
esign. The first, termed reverse engineering [51] focuses on iden-
ification of the epitopes targeted by bnMAbs, understanding the

olecular structure of these epitopes and designing immunogens
o mimic  the epitopes. The second strategy uses the native HIV-1
nv trimer as the starting point for vaccine design, with the goal of
odifying the trimer to target the immune responses to the desired

pitopes.

. Reverse engineering of HIV vaccines

For many viruses, where natural infection gives effective neu-
ralizing antibody responses, the favored strategy for vaccine
evelopment would be mimicry of natural infection, via the devel-
pment of live-attenuated vaccines. However, due to the mutability
f HIV and the potential for an attenuated mutant to revert to wild-

ype, there currently is no active program aimed at developing a
ive-attenuated HIV vaccine. Similarly, whole in-activated vaccines

hich have been successfully developed against other viral infec-
ions such as polio have not been effective in eliciting bNAbs against
 surface glycoprotein gp120 and three molecules of the transmembrane glycoprotein
or CD4. (b) The binding sites of broadly acting and potent HIV-1-specific neutralizing

HIV. This is due, in large part, to instability of the HIV Env spike
protein and immunodominant epitopes which focus the immune
response on the development of non-neutralizing or type-specific
neutralizing antibody responses.

As a result, one strategy being considered for HIV vaccine devel-
opment, and for other variable viral pathogens such as influenza
and hepatitis C, is the reverse engineering of vaccines [51]. Rather
than attempting to mimic  the pathogen, this approach begins with
the identification of bNAbs, mapping the targets of these antibod-
ies on the viral protein (for HIV, this would be Env), elucidating
the structure of the antibody in complex with its epitope, and then
mimicking the structure with candidate immunogens. This strat-
egy is currently focusing on four primary targets on HIV Env, where
bNAbs have been identified.

6.1. CD4 binding site

The CD4 binding site is the major site of attachment of HIV
Env gp120 to its primary host cell receptor (CD4), which initiates
the infection process, and thus is a primary target for HIV vac-
cine design. The recent identification of several broad and potent
neutralizing antibodies to this site has re-invigorated efforts in
immunogen design. Strategies being assessed include presentation
of the outer domain of HIV Env and mimics of the CD4 binding
sites on gp120 in prime-boost regimens, on virus-like particle plat-
forms, and in computational designed protein scaffolds. In addition,
recent studies identifying the putative germ line of bNAbs targeting
the CD4 binding site as VH1-02*-02 [52] has led to the search for
immunogens that effectively bind the germ line.

6.2. Membrane proximal external region (MPER)

The MPER on gp41 has two  linear epitopes for which broadly
neutralizing, but relatively less potent neutralizing antibodies have
been identified (2F5 and 4E10). As linear epitopes, significant

efforts in peptide vaccine design have focused on this region of HIV
Env. However, more recently, the recognition that these epitopes
are juxtaposed to the lipid membrane of the virus, presents more
challenges in the induction of such antibodies via immunization.
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action of bNAbs and HIV Env, together with dedicated industrial
scientists and vaccine discovery platforms to create a global consor-
tium to advance HIV vaccine development. The current renaissance
W.C. Koff / Vaccin

trategies for immunogen design are thus focused on presenta-
ion of the epitopes in the context of lipid membranes, either as
roteoliposomes, heterologous epitope scaffolds, and other config-
rations.

.3. Epitopes defined by PG9 and PG16

The recently identified broad and potent monoclonal antibod-
es, PG9 and PG16, bind HIV Env trimer preferentially and spans
onserved regions of variable loops V1/V2/V3 of HIV gp120. Four
ecently identified bNAbs, CH01–CH04 are also V2/V3 conforma-
ionally epitope specific [32]. Thus, these epitopes on HIV Env
ave become an important vaccine target. The crystal structure
f the antigen-binding fragment (Fab) of PG16 at 2.5A resolution
evealed its unusually long, 28-residue, complementarity deter-
ining region (CDR) H3 forms a unique, stable sub-domain that

its above the antibody surface [53]. Strategies to design immuno-
ens to this site have included determination of the clonal lineage
f such antibodies, and identification of immunogens that bind the
ommon reverted un-mutated ancestor, and on computationally
esigned protein scaffolds to mimic  the site.

.4. Glycan dependent epitopes defined by the PGT series of
nMAbs

The recent identification of the PGT series of bnMAbs [37], and
he glycan dependency of their epitopes, has focused attention on
hese targets. Strategies for immunogen design to these targets are
urrently being developed, and include presentation of glycans on
irus-like particles.

. Trimer-based immunogen designs

The native HIV Env trimer is the major target for broadly neu-
ralizing antibodies, and it appears that binding to the trimer is
equired for neutralization [54,55]. Thus, a recombinant native
rimer would represent an optimal starting point for immuno-
en design. However, the instability of the native trimer on
IV has significantly impeded efforts for development of native

ecombinant trimers. In the absence of an atomic resolution struc-
ure of the native HIV Env trimer, two primary approaches have
een advanced. The first aims to rationally design HIV Env with
odifications that stabilize recombinant Env trimers in a native

onformation.
This approach includes trimeric gp140 molecules (gp120 + the

ctodomain of gp41) stabilized by the addition of heterologous
rimerization motifs at the C-terminus of the gp41 sequence [56,57]
nd similar trimers with a deletion of the hypervariable V2 loop
ave been designed, with the aim of better exposing the neutraliza-
ion epitopes that overlap the CD4-binding site [58–60].  Similarly,
rimeric gp140 molecules internally stabilized by a disulfide bond
etween gp120 and gp41 (SOS proteins) have been designed and
creened preclinically [61,62].  Immunogenicity studies with these
rimer mimics, and other related trimer mimics, have generally
hus far showed very modest improvements in breadth and potency
hen compared with monomeric gp120, likely due to the imper-

ect nature of mimicking the trimer in the absence of its atomic
tructure. Screening of trimer mimics with the latest set of broad
nd potent monoclonal antibodies directed against HIV may  pro-
ide improvements in antigenic profiling of trimer mimics, and
hus potentially better candidate immunogens. This hypothesis is

urrently under test.

The second strategy for trimer-based immunogens has utilized
iral vectors expressing HIV Env which have been shown to fuse
D4+ CCR5+ target cells as evidence for the functionality of the
012) 4310– 4315 4313

trimer, as the starting point for immunogen design efforts. This
strategy, using negative strand RNA viruses to present the trimer
in native form, is currently entering preclinical studies, and such
immunogens will then be modified to mask immunodominant vari-
able regions of the trimer in efforts to focus immune responses on
the conserved, broadly neutralizing targets.

8. Other challenges and opportunities in design of vaccines
to elicit bnAbs against HIV

While the two principal strategies discussed above, reverse
engineering of epitope mimics and trimer-specific immunogens
are being pursued vigorously with the discovery of the latest set of
broad and potent monoclonal antibodies against HIV, there remain
other challenges and opportunities, which are briefly described
below.

1. Modification of native trimer based immunogens: while the
native HIV Env trimer is an excellent starting point for
immunogen design, such immunogens may be impeded by
immunodominant epitopes. Thus, immunization strategies
aimed at focusing the immune response to those epitopes rep-
resenting the binding sites of broadly neutralizing antibodies
remains a challenge.

2. B cell pathways that regulate broadly neutralizing antibody pro-
duction: potent and broadly neutralizing monoclonal antibodies
often display unusual characteristics such as extensive somatic
hypermutation, and long HCDR3 regions which may  pose chal-
lenges to recapitulate via host immunoregulatory responses to
HIV vaccines. While deep sequencing efforts have now yielded
important insights into the evolution of such broadly neutral-
izing antibodies [52], novel immunogen design strategies may
be required using computationally derived clonal lineages as
templates [32], in order to drive B cells along the appropriate
maturation pathways. Similarly, novel immunization strategies
may also be required, for example using heterologous prime and
boost immunogens based on binding to the inferred unmutated
ancestral B cell receptor and intermediates along the maturation
pathway. Here, the rules of human immunogenicity in terms of
driving specific somatic hypermutation remain in their infancy,
and thus ripe for future investigation.

9. Summary and future directions

Significant efforts are ongoing to design and screen immuno-
gens with the goal of inducing broad and potent neutralizing
antibodies capable of preventing HIV infection. However, to date,
this goal has not been achieved, in large part due to the remaining
scientific challenges posed by HIV Env. For example, there currently
remains a lack of understanding of the structure of the native HIV
trimer, the target of bNAbs, a lack of understanding of all the bNAb
epitopes on HIV Env, and a lack of understanding of why only a small
percentage of HIV+ subjects elicit broad and potent neutralizing
antibodies and why it takes 3+ years to elicit such antibodies. Our
approach to the problem has been to attempt to merge the talents
of creative academic scientists focused on understanding the inter-
in neutralizing antibody-based HIV vaccine development, in large
part due to the recent advances in identification and characteri-
zation of bNAbs against HIV, offers significant hope to the future
development of safe and globally effective HIV vaccines.



4 e 30 (2

A

t
i
t
c
w
v
s
a
a
a
a
e
b
g
c

R

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

314 W.C. Koff / Vaccin

cknowledgements

Thanks to Sandi Glass and Lisa Gieber of IAVI for assistance with
his manuscript. The International AIDS Vaccine Initiative (IAVI)
s a global not-for-profit organization whose mission is to ensure
he development of safe, effective, accessible, preventive HIV vac-
ines for use throughout the world. Founded in 1996, IAVI works
ith partners in 25 countries to research, design and develop AIDS

accine candidates. In addition, IAVI conducts policy analyses and
erves as an advocate for the AIDS vaccine field. IAVI supports

 comprehensive approach to addressing HIV and AIDS that bal-
nces the expansion and strengthening of existing HIV-prevention
nd treatment programs with targeted investments in the design
nd development of new tools to prevent HIV. IAVI is dedicated to
nsuring that a future AIDS vaccine will be available and accessi-
le to all who need it. IAVI relies on the generous donations from
overnments, private individuals, corporations and foundations to
arry out its mission.

For more information, see www.iavi.org.

eferences

[1] Barre-Sinoussi F, Chermann JC, Rey F, Nugeyre MT,  Chamaret S, Gruest J, et al.
Isolation of a T-lymphotropic retrovirus from a patient at risk for acquired
immune deficiency syndrome (AIDS). Science 1983;220:868–71.

[2]  Popovic M,  Sarngadharan MG,  Read E, Gallo RC. Detection, isolation, and contin-
uous production of cytopathic retroviruses (HTLV-III) from patients with AIDS
and pre-AIDS. Science 1984;224:497–500.

[3] UNAIDS. UNAIDS Report on the global AIDS epidemic 2010. Geneva: Joint
United Nations Programme on HIV/AIDS; 2010.

[4] Flynn NM,  Forthal DN, Harro CD, Judson FN, Mayer KH, Para MF. Placebo-
controlled phase 3 trial of a recombinant glycoprotein 120 vaccine to prevent
HIV-1 infection. J Infect Dis 2005;191:654–65.

[5] Buchbinder SP, Mehrotra DV, Duerr A, Fitzgerald DW,  Mogg R, Li D, et al. Effi-
cacy assessment of a cell-mediated immunity HIV-1 vaccine (the Step Study):
a  double-blind, randomised, placebo-controlled, test-of-concept trial. Lancet
2008;372:1881–93.

[6] Rerks-Ngarm S, Pitisuttithum P, Nitayaphan S, Kaewkungwal J, Chiu J, Paris
R,  et al. Vaccination with ALVAC and AIDSVAX to prevent HIV-1 infection in
Thailand. N Engl J Med 2009;361:2209–20.

[7] Koup RA, Roederer M,  Lamoreaux L, Fischer J, Novik L, Nason MC,  et al. Priming
immunization with DNA augments immunogenicity of recombinant adenovi-
ral  vectors for both HIV-1 specific antibody and T-cell responses. PLoS One
2010;5:e9015.

[8]  Letvin NL, Rao SS, Montefiori DC, Seaman MS,  Sun Y, Lim SY, et al. Immune
and genetic correlates of vaccine protection against mucosal infection by SIV
in  monkeys. Sci Transl Med  2011;3:81ra36.

[9] Winstone N, Wilson AJ, Morrow G, Boggiano C, Chiuchiolo MJ,  Lopez M,  et al.
Enhanced control of pathogenic Simian immunodeficiency virus SIVmac239
replication in macaques immunized with an interleukin-12 plasmid and a DNA
prime-viral vector boost vaccine regimen. J Virol 2011;85:9578–87.

10] Liu J, O‘Brien KL, Lynch DM,  Simmons NL, La Porte A, Riggs AM,  et al. Immune
control of an SIV challenge by a T-cell-based vaccine in rhesus monkeys. Nature
2009;457:87–91.

11] Hansen SG, Ford JC, Lewis MS,  Ventura AB, Hughes CM, Coyne-Johnson L, et al.
Profound early control of highly pathogenic SIV by an effector memory T-cell
vaccine. Nature 2011;473:523–7.

12] Watkins DI, Burton DR, Kallas EG, Moore JP, Koff WC.  Nonhuman primate
models and the failure of the Merck HIV-1 vaccine in humans. Nat Med
2008;14:617–21.

13] Barouch DH, Korber B. HIV-1 vaccine development after STEP. Ann Rev Med
2010;61:153–67.

14]  Rosario M,  Bridgeman A, Quakkelaar ED, Quigley MF,  Hill BJ, Knudsen ML,  et al.
Long peptides induce polyfunctional T cells against conserved regions of HIV-
1  with superior breadth to single-gene vaccines in macaques. Eur J Immunol
2010;40:1973–84.

15] Barouch DH, O‘Brien KL, Simmons NL, King SL, Abbink P, Maxfield LF, et al.
Mosaic HIV-1 vaccines expand the breadth and depth of cellular immune
responses in rhesus monkeys. Nat Med  2010;16:319–23.

16] Poignard P, Moulard M,  Golez E, Vivona V, Franti M,  Venturini S, et al.
Heterogeneity of envelope molecules expressed on primary human immun-
odeficiency virus type 1 particles as probed by the binding of neutralizing and
nonneutralizing antibodies. J Virol 2003;77:353–65.
17] Phogat S, Wyatt R. Rational modifications of HIV-1 envelope glycoproteins for
immunogen design. Curr Pharm Des 2007;13:213–27.

18] Zhu P, Chertova E, Bess Jr J, Lifson JD, Arthur LO, Liu J, et al. Electron tomography
analysis of envelope glycoprotein trimers on HIV and simian immunodeficiency
virus virions. Proc Natl Acad Sci USA 2003;100:15812–7.

[

012) 4310– 4315

19] Scanlan CN, Offer J, Zitzmann N, Dwek RA. Exploiting the defensive sugars of
HIV-1 for drug and vaccine design. Nature 2007;446:1038–45.

20] Stamatatos L, Morris L, Burton DR, Mascola JR. Neutralizing antibodies gener-
ated during natural HIV-1 infection: good news for an HIV-1 vaccine? Nat Med
2009;15:866–70.

21] Simek MD,  Rida W,  Priddy FH, Pung P, Carrow E, Laufer DS, et al. Human
immunodeficiency virus type 1 elite neutralizers: individuals with broad and
potent neutralizing activity identified by using a high-throughput neutraliza-
tion  assay together with an analytical selection algorithm. J Virol 2009;83:
7337–48.

22] Walker LM, Simek MD,  Priddy F, Gach JS, Wagner D, Zwick MB,  et al. A limited
number of antibody specificities mediate broad and potent serum neutraliza-
tion  in selected HIV-1 infected individuals. PLoS Pathog 2010;6.

23] Zhou T, Xu L, Dey B, Hessell AJ, Van Ryk D, Xiang SH, et al. Structural definition
of  a conserved neutralization epitope on HIV-1 gp120. Nature 2007;445:732–7.

24] Cardoso RM,  Zwick MB,  Stanfield RL, Kunert R, Binley JM,  Katinger H, et al.
Broadly neutralizing anti-HIV antibody 4E10 recognizes a helical confor-
mation of a highly conserved fusion-associated motif in gp41. Immunity
2005;22:163–73.

25] Ofek G, Tang M,  Sambor A, Katinger H, Mascola JR, Wyatt R, et al. Structure
and  mechanistic analysis of the anti-human immunodeficiency virus type 1
antibody 2F5 in complex with its gp41 epitope. J Virol 2004;78:10724–37.

26] Alam SM, Morelli M,  Dennison SM,  Liao HX, Zhang R, Xia SM,  et al. Role of HIV
membrane in neutralization by two broadly neutralizing antibodies. Proc Natl
Acad Sci USA 2009;106:20234–9.

27] Ofek G, McKee K, Yang Y, Yang ZY, Skinner J, Guenaga FJ, et al. Relationship
between antibody 2F5 neutralization of HIV-1 and hydrophobicity of its heavy
chain third complementarity-determining region. J Virol 2010;84:2955–62.

28] Doores KJ, Fulton Z, Huber M,  Wilson IA, Burton DR. Antibody 2G12 rec-
ognizes di-mannose equivalently in domain- and nondomain-exchanged
forms but only binds the HIV-1 glycan shield if domain exchanged. J Virol
2010;84:10690–9.

29] Hessell AJ, Rakasz EG, Poignard P, Hangartner L, Landucci G, Forthal DN, et al.
Broadly neutralizing human anti-HIV antibody 2G12 is effective in protection
against mucosal SHIV challenge even at low serum neutralizing titers. PLoS
Pathog 2009;5:e1000433.

30] Sanders RW,  Venturi M,  Schiffner L, Kalyanaraman R, Katinger H, Lloyd KO, et al.
The mannose-dependent epitope for neutralizing antibody 2G12 on human
immunodeficiency virus type 1 glycoprotein gp120. J Virol 2002;76:7293–305.

31] Scanlan CN, Pantophlet R, Wormald MR,  Ollmann Saphire E, Stanfield R, Wilson
IA, et al. The broadly neutralizing anti-human immunodeficiency virus type 1
antibody 2G12 recognizes a cluster of alpha1→2  mannose residues on the outer
face  of gp120. J Virol 2002;76:7306–21.

32] Bonsignori M,  Hwang KK, Chen X, Tsao CY, Morris L, Gray E, et al. Analysis
of  a clonal lineage of HIV-1 envelope V2/V3 conformational epitope-specific
broadly neutralizing antibodies and their inferred unmutated common ances-
tors. J Virol 2011;85:9998–10009.

33] Walker LM,  Phogat SK, Chan-Hui PY, Wagner D, Phung P, Goss JL, et al. Broad
and potent neutralizing antibodies from an African donor reveal a new HIV-1
vaccine target. Science 2009;326:285–9.

34] Corti D, Langedijk JP, Hinz A, Seaman MS,  Vanzetta F, Fernandez-Rodriguez
BM,  et al. Analysis of memory B cell responses and isolation of novel mono-
clonal antibodies with neutralizing breadth from HIV-1-infected individuals.
PLoS One 2010;5:e8805.

35] Scheid JF, Mouquet H, Ueberheide B, Diskin R, Klein F, Oliveira TY, et al.
Sequence and structural convergence of broad and potent HIV antibodies that
mimic  CD4 binding. Science 2011;333:1633–7.

36] Wu X, Yang ZY, Li Y, Hogerkorp CM,  Schief WR,  Seaman MS,  et al. Rational design
of  envelope identifies broadly neutralizing human monoclonal antibodies to
HIV-1. Science 2010;329:856–61.

37] Walker LM,  Huber M,  Doores KJ, Falkowska E, Pejchal R, Julien JP, et al. Broad
neutralization coverage of HIV by multiple highly potent antibodies. Nature
2011;477:466–70.

38] Baba TW,  Liska V, Hofmann-Lehmann R, Vlasak J, Xu W,  Ayehunie S, et al.
Human neutralizing monoclonal antibodies of the IgG1 subtype protect
against mucosal simian-human immunodeficiency virus infection. Nat Med
2000;6:200–6.

39] Hessell AJ, Poignard P, Hunter M,  Hangartner L, Tehrani DM,  Bleeker WK,  et al.
Effective, low-titer antibody protection against low-dose repeated mucosal
SHIV challenge in macaques. Nat Med  2009;15:951–4.

40] Mantis NJ, Palaia J, Hessell AJ, Mehta S, Zhu Z, Corthesy B, et al. Inhibition of
HIV-1 infectivity and epithelial cell transfer by human monoclonal IgG and IgA
antibodies carrying the b12 V region. J Immunol 2007;179:3144–52.

41] Mascola JR. Passive transfer studies to elucidate the role of antibody-mediated
protection against HIV-1. Vaccine 2002;20:1922–5.

42] Mascola JR, Stiegler G, VanCott TC, Katinger H, Carpenter CB, Hanson CE, et al.
Protection of macaques against vaginal transmission of a pathogenic HIV-
1/SIV chimeric virus by passive infusion of neutralizing antibodies. Nat Med
2000;6:207–10.

43] Shibata R, Igarashi T, Haigwood N, Buckler-White A, Ogert R, Ross W,  et al.
Neutralizing antibody directed against the HIV-1 envelope glycoprotein can

completely block HIV-1/SIV chimeric virus infections of macaque monkeys.
Nat  Med  1999;5:204–10.

44] Johnson PR, Schnepp BC, Zhang J, Connell MJ, Greene SM,  Yuste E, et al.
Vector-mediated gene transfer engenders long-lived neutralizing activity and
protection against SIV infection in monkeys. Nat Med  2009;15:901–6.

http://www.iavi.org/


e 30 (2

[

[

[

[

[

[

[
[

[

[

[

[

[

[

[

[

[

W.C. Koff / Vaccin

45]  Mascola JR, Lewis MG,  Stiegler G, Harris D, VanCott TC, Hayes D, et al. Protec-
tion of macaques against pathogenic simian/human immunodeficiency virus
89.6PD by passive transfer of neutralizing antibodies. J Virol 1999;73:4009–18.

46] Hessell AJ, Rakasz EG, Tehrani DM,  Huber M,  Weisgrau KL, Landucci G, et al.
Broadly neutralizing monoclonal antibodies 2F5 and 4E10 directed against
the human immunodeficiency virus type 1 gp41 membrane-proximal external
region protect against mucosal challenge by simian-human immunodeficiency
virus SHIVBa-L. J Virol 2010;84:1302–13.

47] Parren PW,  Marx PA, Hessell AJ, Luckay A, Harouse J, Cheng-Mayer C, et al.
Antibody protects macaques against vaginal challenge with a pathogenic R5
simian/human immunodeficiency virus at serum levels giving complete neu-
tralization in vitro. J Virol 2001;75:8340–7.

48] Burton DR, Hessell AJ, Keele BF, Klasse PJ, Ketas TA, Moldt B, et al. Limited or
no protection by weakly or nonneutralizing antibodies against vaginal SHIV
challenge of macaques compared with a strongly neutralizing antibody. Proc
Natl Acad Sci USA 2011;108:11181–6.

49] Hofmann-Lehmann R, Vlasak J, Rasmussen RA, Smith BA, Baba TW,  Liska V,
et  al. Postnatal passive immunization of neonatal macaques with a triple
combination of human monoclonal antibodies against oral simian-human
immunodeficiency virus challenge. J Virol 2001;75:7470–80.

50] Burton DR, Desrosiers RC, Doms RW,  Koff WC,  Kwong PD, Moore JP, et al.
HIV vaccine design and the neutralizing antibody problem. Nat Immunol
2004;5:233–6.

51] Burton DR. Antibodies, viruses and vaccines. Nat Rev Immunol 2002;2:706–13.
52]  Wu  X, Zhou T, Zhu J, Zhang B, Georgiev I, Wang C, et al. Focused evolution

of  HIV-1 neutralizing antibodies revealed by structures and deep sequencing.
Science 2011;333:1593–602.

53] Pejchal R, Walker LM,  Stanfield RL, Phogat SK, Koff WC,  Poignard P, et al.
Structure and function of broadly reactive antibody PG16 reveal an H3 sub-

domain that mediates potent neutralization of HIV-1. Proc Natl Acad Sci USA
2010;107:11483–8.

54] Yang X, Lipchina I, Cocklin S, Chaiken I, Sodroski J. Antibody binding is a dom-
inant determinant of the efficiency of human immunodeficiency virus type 1
neutralization. J Virol 2006;80:11404–8.

[

012) 4310– 4315 4315

55] Parren PW,  Mondor I, Naniche D, Ditzel HJ, Klasse PJ, Burton DR, et al. Neu-
tralization of human immunodeficiency virus type 1 by antibody to gp120 is
determined primarily by occupancy of sites on the virion irrespective of epitope
specificity. J Virol 1998;72:3512–9.

56] Forsell MN, Li Y, Sundback M, Svehla K, Liljestrom P, Mascola JR, et al. Biochem-
ical and immunogenic characterization of soluble human immunodeficiency
virus type 1 envelope glycoprotein trimers expressed by semliki forest virus. J
Virol 2005;79:10902–14.

57] Yang X, Lee J, Mahony EM,  Kwong PD, Wyatt R, Sodroski J. Highly stable
trimers formed by human immunodeficiency virus type 1 envelope glycopro-
teins fused with the trimeric motif of T4 bacteriophage fibritin. J Virol 2002;76:
4634–42.

58] Barnett SW,  Lu S, Srivastava I, Cherpelis S, Gettie A, Blanchard J, et al. The
ability of an oligomeric human immunodeficiency virus type 1 (HIV-1) enve-
lope antigen to elicit neutralizing antibodies against primary HIV-1 isolates is
improved following partial deletion of the second hypervariable region. J Virol
2001;75:5526–40.

59] Srivastava IK, Stamatatos L, Kan E, Vajdy M,  Lian Y, Hilt S, et al. Purifica-
tion, characterization, and immunogenicity of a soluble trimeric envelope
protein containing a partial deletion of the V2 loop derived from SF162, an
R5-tropic human immunodeficiency virus type 1 isolate. J Virol 2003;77:
11244–59.

60] Srivastava IK, VanDorsten K, Vojtech L, Barnett SW,  Stamatatos L. Changes in
the  immunogenic properties of soluble gp140 human immunodeficiency virus
envelope constructs upon partial deletion of the second hypervariable region.
J  Virol 2003;77:2310–20.

61] Beddows S, Schulke N, Kirschner M,  Barnes K, Franti M,  Michael E, et al. Eval-
uating the immunogenicity of a disulfide-stabilized, cleaved, trimeric form of
the envelope glycoprotein complex of human immunodeficiency virus type 1.

J  Virol 2005;79:8812–27.

62] Sanders RW,  Vesanen M,  Schuelke N, Master A, Schiffner L, Kalyanaraman
R,  et al. Stabilization of the soluble, cleaved, trimeric form of the enve-
lope glycoprotein complex of human immunodeficiency virus type 1. J Virol
2002;76:8875–89.


	HIV vaccine development: Challenges and opportunities towards solving the HIV vaccine-neutralizing antibody problem
	1 Introduction
	2 The HIV vaccine neutralizing antibody problem
	3 Identification of broad and potent neutralizing antibodies against HIV
	4 HIV bnMAbs protect monkeys from SHIV infection
	5 IAVI's Neutralizing Antibody Consortium (NAC)
	6 Reverse engineering of HIV vaccines
	6.1 CD4 binding site
	6.2 Membrane proximal external region (MPER)
	6.3 Epitopes defined by PG9 and PG16
	6.4 Glycan dependent epitopes defined by the PGT series of bnMAbs

	7 Trimer-based immunogen designs
	8 Other challenges and opportunities in design of vaccines to elicit bnAbs against HIV
	9 Summary and future directions
	Acknowledgements
	References


