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      Foreword     

 HIV is a major scourge upon humanity. More than 25 million individuals have died 
of AIDS and around 34 million are infected with the virus. The development of 
antiretroviral drugs to control the infection has been one of the great triumphs of 
modern molecular medicine. However, although it is 30 years since the virus was 
fi rst identifi ed, no vaccine is approaching licensure. In part, this is because of the 
many strategies that have been adopted by the virus to avoid immune responses. 
One of the most signifi cant of these is the heavy glycan coating of the functional 
envelope spikes on the surface of the virus. These spikes, a heterotrimer of two 
glycoproteins gp120 and gp41, are the means by which the virus gains entry to tar-
get cells. Gp120 protein is one of the most heavily glycosylated proteins yet 
described, being approximately 50 % glycans. This glycan coating has effects on 
many aspects of the virus biology including transmission and the antigenicity of the 
envelope of the virus. In this volume, leading authors in the fi eld provide an over-
view of the roles of glycans in transmission and infection and the antigenicity and 
immunogenicity of HIV and the HIV envelope glycoproteins. 

 Bonomelli et al. describe the glycomics and glycoproteomics of the HIV gp120 
protein and make important distinctions between glycoprotein produced in recom-
binant fashion and that found on the surface of virions. Their work has considerable 
signifi cance, for example, in vaccine design. Van der Aar et al. discuss innate recog-
nition of HIV glycans. They describe the current state of the art on the roles of 
innate immune cell-specifi c C-type lectin receptors on viral replication, HIV trans-
mission, and adaptive immunity. Hioe et al. review the infl uence of HIV glycosyl-
ation on adaptive immune responses. They describe the role of glycans in infl uencing 
the antigenicity and immunogenicity of HIV envelope in terms not only of antibody 
responses but also of CD8 and CD4 T cell responses. 

 Moore et al. review the role of glycans in transmission and immune escape. They 
show how the number, position, and type of glycans in HIV results from a balance 
between host immune-selective pressure and the requirements for promoting new 
infections. Kong et al. summarize the greatly expanded knowledge of molecular 
recognition of glycans by broadly neutralizing antibodies. One of the major sur-
prises of recent years is the number of antibodies that are able to breach the glycan 
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defenses of HIV and neutralize the virus. Wang et al. discuss various strategies for 
anti-carbohydrate vaccine design. In particular, they describe how knowledge of 
glycan-dependent broadly neutralizing antibodies may be translated into the design 
of vaccine candidates. Koharudin and Gronenborn consider the role of lectins as 
microbicides. They conclude that studies may eventually aid in discovery of drug 
leads for the prevention of HIV transmission based on an understanding of the inter-
action of glycans and lectins. 

 This volume is dedicated to our dear colleague and friend, Dr. Chris Scanlan, 
who lost his battle with cancer in May 2013. Dr. Scanlan was one of the leading 
lights in glycobiology and, in particular, the glycobiology of HIV. Working with 
Raymond Dwek at the Glycobiology Institute in Oxford, Chris had made many 
seminal contributions to our understanding of the role of glycans in HIV infection 
and biology. In particular, he was the fi rst to show that the broadly neutralizing anti-
body 2G12 bound exclusively to glycans and highlighted the importance of such 
recognition for vaccine design efforts. In many ways, his studies laid the ground-
work for later investigations in this area. Furthermore, he led the efforts to distin-
guish and highlight the differences in glycosylation between recombinant envelope 
glycoprotein and that found on the surface of the virus. He was a brilliant and moti-
vated young scientist whose contributions were enormously regarded and respected. 
We have all lost a dear colleague and friend whose smile was always genuine and 
whose warmth and caring were offered freely. Chris deeply touched those he 
encountered and will be greatly missed for his insight, intellect, compassion, and wit.

La Jolla, CA, USA Dennis R. Burton   

Foreword
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  Pref ace   

 Glycosylation is a ubiquitous and important modifi cation of biological molecules, 
particularly of proteins (glycoproteins). Although glycosylation pathways have 
been elucidated and the structures of the carbohydrate moieties that decorate numer-
ous glycoproteins have been characterized, the contribution of glycosylation to pro-
tein structure and function for many viral glycoproteins is not fully understood. The 
latter applies particularly to the surface envelope glycoprotein spike of HIV-1. 

 HIV, like many other viruses, takes advantage of cellular biosynthetic pathways 
for its own benefi t. Roughly half of the molecular mass of the HIV envelope glyco-
protein spike is contributed by glycans and large sections of the spike are covered 
densely by glycosylation. It has long been known that proper glycosylation is criti-
cally important for the proper folding of the HIV glycoprotein spike and, conse-
quently, for viral infectivity. Not unlike other enveloped viruses, HIV also utilizes 
glycosylation as a means to protect vulnerable sites on its envelope glycoprotein 
from immune recognition; the attached glycans, assumed to be immunologically 
inert “self” molecules, were until recently considered a largely insurmountable 
challenge for antibody recognition. However, signifi cant progress in recent years 
has led to a better understanding how glycans contribute to HIV’s ability to infect 
and persist as well as the potential exploitation of HIV glycans as targets for the 
development of an effective HIV vaccine and possible virucides. It is within this 
context that this book is placed. 

 The emerging view is that the glycosylation profi le of HIV strains is homoge-
neous overall but that each virus strain diminishes or increases the specifi c number 
and position of its glycans depending on the level of host immune pressure. At the 
same time, the recent identifi cation of several glycan-specifi c and glycan-dependent 
HIV-neutralizing antibodies with exceptionally broad and potent activity has galva-
nized the HIV vaccine fi eld, showing that at least some glycans on the virus form 
conserved “non-self” patches that represent extremely vulnerable targets for immune 
recognition. Molecular characterization of the epitopes of these antibodies shows 
that they recognize their carbohydrate epitopes in ways that were previously unimag-
inable. Such studies, together with those seeking to understand how  glycosylation 
patterns infl uence the ontogeny of anti-HIV-neutralizing antibodies generally, will 
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likely inform strategies to design novel immunogens. The same epitopes may prove 
useful as targets for therapeutic agents such as lectins, an important aspect of micro-
bicide development given HIV’s insidious ability to corrupt innate immune cell 
patrols to gain access to CD4+ T cells in lymphoid and peripheral tissues. 

 This book comprises seven chapters that are meant to provide a view of recent 
advances in our understanding of the impact of HIV glycans in infection and their 
promise for immunological and therapeutic intervention. In selecting contributors 
for this book, I have tried to enlist several investigators, especially those at early 
career stages, who have been instrumental in moving research in this area of research 
forward. Although signifi cant gaps remain in our knowledge of various aspects of 
HIV glycosylation, for example, understanding why HIV glycan patches are immu-
nogenic during infection but apparently not so upon vaccination with current immu-
nogens, it is clear that advances in the last several years have led to novel 
collaborations between glycobiologists and immunologists. The book as a whole is 
meant to give the reader an overview of the impact that cross-disciplinary research 
has had on the study of HIV glycans. I hope that this collective effort will serve as 
a comprehensive reference for researchers in the HIV fi eld and particularly as an 
inspiration for newcomers to delve deeper into the role of HIV glycosylation in 
infection and immune interactions.  

    Burnaby, BC ,  Canada       Ralph       Pantophlet      

Preface
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    Abstract     The HIV-1 surface glycoprotein, gp120, is made of a rapidly mutating 
protein core, encoded by the viral genome, and an extensive carbohydrate shield 
which is synthesized by the host cell. HIV gp120 is a highly glycosylated protein, 
with an average of 25 potential N-linked glycosylation sites (PNGS). Determination 
of the site occupancy, microheterogeneity, and chemical structure of glycans 
attached to the potential glycosylation sites on gp120 have been performed on 
recombinant gp120 and gp140 by site analysis of glycosylation involving a combi-
nation of chromatography and mass spectrometry techniques. These studies were 
complemented by lectin-binding studies, and fi nally by mass spectrometric glyco-
sylation analysis of gp120 isolated directly from infectious virions produced in 
peripheral blood mononuclear cells (PBMCs). In contrast to host cell glycoproteins, 
gp120 was shown to contain a population of incompletely processed oligomannose- 
type glycans that interact with host lectins, promote HIV infection, and alter cell 
signaling. These glycans also form the basis of the epitopes of several highly potent 
HIV broadly neutralizing antibodies isolated from HIV-infected individuals, mak-
ing them a key feature for immunogen design. Furthermore, an elevated level of 
oligomannose-type glycans was evidenced on gp120 isolated from HIV-1 virions 
produced in PBMCs, compared to recombinant material, along with a subset of 
highly processed and sialylated, bi-, tri-, and tetra-antennary complex-type glycans. 

    Chapter 1   
 HIV Glycomics and Glycoproteomics 

             Camille     Bonomelli    ,     Max     Crispin    ,     Chris     N. Scanlan    , and     Katie     J.     Doores    
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  South Parks Road ,  Oxford ,  OX1 3QU ,  UK     
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The effect of variation in viral production systems has also been reported, with 
envelope glycoprotein derived from pseudoviral particles produced in human embry-
onic kidney (HEK) 293T cells exhibiting predominantly an oligomannose popula-
tion, compared to gp120 isolated from a single-plasmid infectious molecular clone. 
The gp120 glycan profi le is remarkably similar across primary viral isolates from 
Africa, Asia, and Europe and consequently represents an attractive target for vaccine 
development. Finally, glycan remodeling and mutagenesis can also be employed for 
pseudoviral particle production and recombinant protein expression, to probe 
broadly neutralizing antibody specifi city, structural analysis, and immunogen design.  

  Keywords     Mass spectrometry   •   Oligomannose   •   Glycosylation   •   gp120   •   Envelope 
glycoprotein   •   Glycan remodeling  

1.1         Introduction 

 The HIV envelope glycoprotein, critical for HIV infectivity, consists of a metasta-
ble, non-covalently associated trimer of gp120/gp41 heterodimers. The attachment 
glycoprotein gp120 is extensively modifi ed with covalently attached, host-derived 
O-linked (Bernstein et al.  1994 ; Corbeau et al.  1995 ) and N-linked oligosaccharides 
with up to 50 % of its mass comprising carbohydrate (Allan et al.  1985 ; Montagnier 
et al.  1985 ; Ratner et al.  1985 ; Lasky et al.  1986 ; Leonard et al.  1990 ; Zhu et al. 
 2000 ). The host-cell-derived N-linked glycans play important roles in assisting 
 correct protein folding (Li et al.  1993 ; Trombetta and Helenius  1998 ), in shielding 
conserved regions of gp120 from recognition by the immune system, and in disease 
transmission through interaction with host receptors. 

 The glycans on gp120 have often been referred to as “the glycan shield” or 
“silent face” due to their poor immunogenicity and “self” nature (Calarese et al. 
 2003 ; Scanlan et al.  2007 ; Wei et al.  2003 ). However, a number of broadly neutral-
izing anti-HIV antibodies (bnAbs) have recently been isolated from HIV-infected 
individuals that interact directly with these N-linked glycans (Walker et al.  2009 , 
 2011 ). These bnAbs target two distinct regions on gp120, the glycans around N332 
(e.g., 2G12, PGTs 121–123, PGTs 125–131, and PGTs 135–137) (Pejchal et al. 
 2011 ; Walker et al.  2011 ; Calarese et al.  2003 ; Scanlan et al.  2002 ) and the glycans 
around N160 (e.g., PG9, PG16, PGTs 141–145, and CH01-04) (Walker et al.  2009 , 
 2011 ; McLellan et al.  2011 ; Bonsignori et al.  2011 ). Therefore in these HIV-infected 
individuals, the virus is under constant pressure from both strain-specifi c antibodies 
targeting exposed protein epitopes and bnAbs targeting the N-linked glycans and 
thus the HIV glycan shield is constantly evolving and shifting in response to the 
host immune system (Wei et al.  2003 ; Moore et al.  2012 ). 

 As a gp120 antigen is likely to be a component of a successful B cell-based 
AIDS vaccine and N-linked glycans play important biological roles, a thorough 
understanding of the glycan composition of both virus-derived and recombinantly 
expressed gp120 may be critical for the design of successful vaccine candidates and 

C. Bonomelli et al.
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understanding pathogenesis. In particular, knowledge of the glycans bound by the 
carbohydrate-specifi c HIV bnAbs may be key for immunogen design strategies that 
aim to elicit similarly broad and potent neutralizing antibodies through vaccination. 
This chapter will discuss what is known currently about the glycosylation on both 
virus-derived and recombinantly expressed HIV envelope glycoproteins.  

1.2     Biogenesis of HIV-1 gp120 N-Linked Glycans 

 Protein N-glycosylation is one of the main post-translational modifi cations. Whilst 
O-linked glycans are attached to surface-exposed serine or threonine residues, pre-
dicted PNGS are asparagine residues within an N-X-S/T sequon, where X is any 
amino acid except proline (Kornfeld and Kornfeld  1985 ). Although the sequence of 
a protein is under direct genetic control, N-linked glycosylation is determined by the 
host-cell glycosylation machinery and therefore glycosylation can be very heteroge-
neous and a single glycoprotein can exist as a number of different glycoforms. 

 The mammalian N-linked glycosylation machinery follows a strictly ordered 
pathway in the endoplasmic reticulum (ER) and the Golgi apparatus (Fig.  1.1a ). 
Following co-translational translocation of the envelope glycoprotein precursor 
gp160 in the ER, and cleavage by furin in the  trans -Golgi into gp120 and gp41, 
a dolichol-pyrophosphate-linked glucosylated oligomannose precursor, Glc 3 
Man 9 GlcNAc 2 , is added to the free amide of asparagine residues by the oligosac-
charyltransferase (Kornfeld and Kornfeld  1985 ). Trimming of this glycan species 
by ER α-glucosidase I and II yields a monoglucosylated intermediate that interacts 
with the molecular chaperones calnexin and calreticulin. Competing with the hydro-
lysis reaction of ER α-glucosidase II is the transferase reaction of the UDP-
Glc:glycoprotein glucosyltransferase that use misfolded glycoprotein  substrates. 
Once gp160 has reached a proper folded state, the ER α-glucosidase II further trims 
the GlcMan 9 GlcNAc 2  intermediate into a Man 9 GlcNAc 2  species. The structure of 
this oligomannose-type glycan is highlighted in Fig.  1.1b . The oligomannose moi-
ety can be cleaved during biogenesis in the ER by ER α-mannosidase I and subse-
quently α-mannosidases IA−C in the intermediate compartment (IC)/ cis - Golgi  to 
form Man 5 GlcNAc 2 , the last species of the oligomannose series, which comprises 
Man 5–9 GlcNAc 2  glycans.

   The diversifi cation into complex-type glycans occurs after the essential step per-
formed by the medial-Golgi-resident enzyme  N -acetylglucosaminyltransferase I 
(GnT I). Addition of a single β1→2-linked  N -acetylglucosamine residue (GlcNAc) 
to the Man 5 GlcNAc 2  intermediate performed by GnT I, is followed by further 
trimming and processing by Golgi-resident glycosidases and glycosyltransferases, 
leading to the assembly of a wide array of hybrid and complex-type glycans. The 
diversity observed between complex-glycan structures between cell types is typi-
cally due to the tissue-specifi c expression of Golgi glycosyltransferases. 

 A particular example is the tissue-specifi c expression of sialyltransferases, which 
catalyze the addition of a terminal sialic acid (neuraminic acid; NeuNAc) residue in 

1 HIV Glycomics and Glycoproteomics
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  Fig. 1.1    N-linked glycosylation pathway. ( a ) N-linked glycosylation of a glycoprotein (Pr) results 
in co-translational attachment of glycans to the amide group of asparagine residues within an 
N-X-T/S sequon (where X is any amino acid except proline) in the ER lumen. Folding of the 
nascent chain starts in the ER, accompanied by the formation of disulfi de bonds in this oxidizing 
milieu (10 in total for gp160, including 9 for gp120), and helped by the protein chaperones 
 calnexin and calreticulin. Unprocessed, immature oligomannose-type glycans arise through 
 processing by ER and Golgi α-mannosidases. Upon GnT I transfer of an  N -acetylglucosamine 
residue in the medial Golgi, diversifi cation of glycans occurs, leading to the presence of branched, 
galactosylated, and sialylated complex-type glycans in the  trans -Golgi network. Glycan represen-
tation is shown according to Harvey et al. ( 2008 ) guidelines. Chemical structures of ( b ) the 
Man 9 GlcNAc 2  glycan highlighting the D1, D2, and D3 arm, and ( c ) an α2→6 sialylated, bi-anten-
nary, and fucosylated complex-type glycan.  N -acetyl-5-neuraminic acid (Neu5Ac) is the dominant 
form of sialic acids found in humans       
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a α2→3, α2→6, or α2→8 linkage (Harduin-Lepers et al.  2001 ). Sialic acids are 
negatively charged moieties that are involved in recognition mechanisms as “self” 
elements, through receptors highly specifi c of particular linkages (Varki and 
Gagneux  2012 ). The NeuAcα2→6Gal linkage, catalyzed by the β-galactoside α2,6-
sialyltransferase (ST6Gal I), a glycosylation enzyme that has been found to be up-
regulated in several cancer cells (Dall’Olio and Chiricolo  2001 ), is illustrated in 
Fig.  1.1c . A differential sialic acid expression pattern has for instance been observed 
between T H 1, T H 2 and T H 17 polarized cells, with ST6Gal I expressed at higher levels 
during T H 2 differentiation, leading to the formation of α2–6 linked sialylated gly-
cans that prevent galectin-1 binding to T cells surface glycoprotein and subsequent 
cell death (Toscano et al.  2007 ). 

 Finally, in contrast to this cell-directed glycosylation model, whereby the struc-
ture of complex-type glycans is directly related to the cell-specifi c expression of 
glycosyltransferases, several proteins have been reported to exhibit a restricted set 
of glycans, dependant of glycan accessibility, protein structure and/or traffi cking, 
referred to as protein-directed glycosylation. Human IgG bears a conserved glyco-
sylation site at residue Asn297 in the Fc region, which has been shown to be a 
complex-type bi-antennary glycan. However, alternative glycosylation is observed 
for this glycan (Wang et al.  2011 ), and has high implication for IgG Fc-mediated 
effector functions. It was indeed shown that core fucosylation of the heavy chain 
glycan reduces binding to the activatory FcγRIIIa receptor (Iida et al.  2006 ), whilst 
sialylation confers anti-infl ammatory properties (Kaneko et al.  2006 ). Lack of ter-
minal galactose residues on IgG Fc N-linked glycan is observed in autoimmune 
disease such as rheumatoid arthritis (Parekh et al.  1985 ) and is associated with low 
enzyme activity of the β4-galactosyltransferase in B cells of rheumatoid arthritis 
patients (Keusch et al.  1998 ). Agalactosyl IgG has been shown to bind to mannose- 
binding lectin and activate the complement cascade. Likewise, the three- dimensional 
shape of the protein and limited glycan accessibility can also lead to protein-directed 
glycosylation, as reported for HIV envelope glycoproteins.  

1.3     Methods for Analyzing gp120 N-Linked Glycosylation 

 A variety of techniques have been employed in the analysis of the glycans of HIV. 
Antibody or lectin binding can be used to detect specifi c mono- or oligosaccharides 
present on a glycoprotein, as well as probe for linkage specifi city, with the glycan 
chemical structure being elucidated by a combination of mass spectrometry (MS) 
and chromatography on protein-released glycans. The analysis of the glycome is 
somewhat complicated by the complex-branched structure of carbohydrates com-
pared to DNA and protein molecules, the microheterogeneity observed at a PNGS, 
i.e., different glycan structures can be present at the same site on different protein 
molecules, and the presence of isomeric structures that result from different stereo-
chemistry of individual monosaccharides and linkages between them. 

1 HIV Glycomics and Glycoproteomics
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1.3.1     Chromatographic and Mass Spectrometric Analyses 
of Protein-Released Glycans 

 Glycan profi ling aims to characterize the glycan pool present on a glycoprotein. The 
main challenges faced in HIV glycomics is the isolation of suffi cient quantity of 
high quality native virions—a problem not encountered when analyzing recombi-
nant envelope glycoprotein. The further challenges are to obtain high resolution and 
separation of glycan structures that can lead to quantitative measurements, high 
detection sensitivity, to overcome the low amount of glycans typically obtained 
from isolated glycoproteins, and fi nally not to discriminate against a certain type of 
glycans during isolation, preparation, and analysis. 

 Chromatography can be performed on fl uorescently labeled glycans, obtained by 
conjugating a fl uorescent molecule (such as 2-aminobenzoic acid 2-AA or 
2- aminobenzamide 2-AB) to the reducing end of the protein-released glycans by 
reductive amination (Bigge et al.  1995 ). The labeled glycans can then be analyzed 
using normal-phase high-performance liquid chromatography (NP-HPLC) (Guile 
et al.  1996 ). The reproducibility of this technique allows for the retention time of 
each peak to be converted into glucose units (GU) values by comparison with a 
dextran standard, and further compared against databases of glycan standards to 
lead to preliminary assignment of the glycan structure. Similarly, reverse-phase 
(RP) HPLC can be performed and retention times can be calibrated with an arabi-
nose ladder yielding arabinose units (AU). The use of various exoglycosidases, that 
cleave terminal monosaccharide residues on the nonreducing end of the glycan, can 
then be used to confi rm/infi rm the assignment. Finally, peak identifi cation can also 
be achieved with coupling the NP-HPLC analysis with mass spectrometry (MS). 

 Different mass spectrometry techniques can be used depending on the ionization 
source. The two main techniques used for glycan analysis are electrospray ioniza-
tion (ESI), which forms charged sample droplets, and matrix-assisted laser desorp-
tion ionization (MALDI), where the sample is co-crystallized with a matrix 
(2,5-dihydroxybenzoic acid being the one commonly used for glycans analysis) 
which transfers the energy from the laser to desorb and ionize glycans. More 
recently, the ion-mobility separation technique has been coupled with ESI-MS 
(Harvey et al.  2011 ) and MALDI-MS (Harvey et al.  2012 ), resulting in improved 
glycan sensitivity, even in the presence of contaminants. However, negatively 
charged glycans, such as sialylated glycans, can behave differently than neutral gly-
cans in positive-ion mode, and it is thus necessary to remove the sialic acid residues, 
or perform permethylation to analyze such samples. Time-of-fl ight (TOF) MS 
relates the velocity of the ion to its mass and charge (usually singly charged ions for 
MALDI and multiply charged for ESI). The  m / z  ratio obtained for each peak thus 
gives an indication of the glycan structure; however, where there is a possibility of 
isobaric structures, MS/MS fragmentation is necessary to determine the monosac-
charide sequence, branching, and linkage specifi city. 

 These techniques have been used to analyze the nature of the glycans on virion- 
associated HIV envelope glycoproteins as well as recombinantly expressed trimer 

C. Bonomelli et al.
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mimics and monomeric gp120 (Sects.  1.5  and  1.6 ). Furthermore, several glycosylation 
site analyses have been conducted on either recombinant monomeric gp120 or tri-
meric gp140 to assign glycan structures at specifi c gp120 glycosylation sites and 
assess the occupancy and glycan heterogeneity at PNGS.  

1.3.2     Glycosylation Mapping 

 These studies involve a combination of chromatography fractionation, ESI and 
MALDI-based MS and MS/MS analyses on protease-digested glycopeptides con-
taining one or more glycosylation site(s) and are highlighted in Fig.  1.2 . Challenges 
in this fi eld arise from the low ionization effi ciency of heterogeneous glycopeptides 
compared to peptides, glycan heterogeneity, the possible presence of several PNGS 
on one glycopeptide, and complex data analysis.

   Improvements in separation and enrichment techniques have led to overcome 
some of these limitations (Zhang et al.  2008 ). RP-HPLC is now routinely used to 
separate glycopeptides and can furthermore be coupled to ESI-MS. Enrichment 
methods, such as lectin-binding chromatography, have also been developed to 
improve coverage (Zhang et al.  2008 ). Hydrophilic affi nity methods can also be 
used to separate glycopeptides depending on their global charge. Charged resi-
dues, such as sialic acid, which have a low effi ciency in positive-ion mode that is 
used for fragmentation, have to be permethylated in order to be further 
characterized.   

1.4     Recombinant gp120/gp140 N-Linked Glycosylation 
Site Analysis 

 The number of sequons within the gp120 sequence varies from different viral iso-
lates, with a median at 25 PNGS (Korber et al.  2001 ), whilst gp41 ectodomain 
contains a cluster of three to four PNGS. Host glycoproteins have on average two 
thirds of the PNGS occupied, with the occupancy rate of potential glycosylation 
sites increased by the presence of a threonine instead of a serine in the glycosylation 
sequon, and by the presence of neighboring hydrophobic residues positioned two 
amino acids before Asn (Petrescu et al.  2004 ). The experimentally determined mass 
of gp120 closely matches that theoretically predicted for a complete occupancy of 
all the N-linked glycosylation sites present in the envelope gene. This has been 
confi rmed also by several site-analysis glycosylation studies that are detailed below. 

 Glycosylation site analysis has been reported for recombinant gp120 and gp140 
proteins expressed in several mammalian and insect cells. Both gp120 and gp140 
lack gp160’s transmembrane domain and are expressed in the supernatant. The vari-
ous constructs analyzed are described in Fig.  1.3 .
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   The fi rst study was performed by Leonard et al. on recombinant monomeric 
HIV IIIB  gp120 expressed in Chinese hamster ovary (CHO) cells (Leonard et al. 
 1990 ). Oligomannose and complex-type glycans were released from tryptic pep-
tides by using the peptide-N-glycosidase F (PNGase F), a routinely used endogly-
cosidase that cleaves the bond between the GlcNAc moiety and the Asn residue, 
converting it to Asp. Oligomannose-type glycans were cleaved using the endogly-
cosidase H (Endo H) that cleaves oligomannose- and some hybrid-type glycans 

  Fig. 1.2    General glycosylation site analysis strategy. A mixture of peptides and glycopeptides is 
generated by digestion with proteases such as trypsin. Separation is then achieved by chromatog-
raphy. Whilst ESI-MS can be used directly in tandem with RP-HPLC (LC-ESI-MS), peptide/gly-
copeptides are fi rstly separated off-line via RP-HPLC prior to analysis of the collected fractions on 
MALDI-MS. Identifi cation of the peptide portion of glycopeptides is based on comparing the 
cross-ring cleavage fragment ion ( 0,2 X in MALDI-MS/MS and Y 1  in LC-ESI-MS/MS) obtained 
upon collision-induced dissociation (CID) in MS/MS with databases or prediction. Once the gly-
copeptide has been identifi ed, glycoforms and thus microheterogeneity can be identifi ed in the 
corresponding MS profi le, with for instance different oligomannose glycans separated by a man-
nose unit (162 Da), and more generally by comparing  m / z  with database and predicted values for 
different glycan attached. Additionally, a specifi c glycan structure can be isolated from the 
MALDI-MS profi le and subjected to MALDI-MS/MS fragmentation. This is particularly relevant 
for potential isobaric and isomeric structures. Fragment ions resulting from glycosidic cleavage 
leads to the determination of the glycan sequence and branching, and analysis of cross-ring frag-
ment ions gives information on monosaccharides linkage. Glycosidase digests can also be per-
formed at different stages of this process to help assess site occupancy, glycan sequence and 
linkage (Go et al.  2011 ). Endo H is commonly used to probe for oligomannose and hybrid-type 
glycans, and various exoglycosidases can be used for terminal monosaccharide units. Digestion 
with PNGase F converts the Asn into an Asp residue, resulting in a shift of 1 Da on the MS profi le 
for glycosylated sites. Analysis of deglycosylated glycopeptides profi les can thus assist to deter-
mine site occupancy, especially for glycopeptides bearing more than one PNGS       
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between the two core GlcNAc residues, but not complex-type glycans. Tryptic pep-
tides were analyzed by RP-HPLC and identifi ed by amino acid analysis. Fourteen 
glycopeptides were identifi ed and their sensitivity to Endo H treatment was then 
used to determine the nature of the glycan structure, i.e., oligomannose or complex-
type glycans (Table  1.1 ). Overall, the 24 PNGS on gp120 IIIB  were found to be fully 
occupied, with 13 bearing complex-type glycans. The 11 oligomannose- type 
 glycans occupied PNGS were amongst the 13 most highly conserved glycosylation 
sites found on gp120 IIIB . As this analysis was based on relative retention time shift-
ing upon PNGase F and Endo H digests only, no defi ned chemical structure of the 
glycan at each PNGS was determined.

   Progress in mass spectrometry allowed for greater precision in the characteriza-
tion of gp120 glycans, including microheterogeneity at individual PNGS. The anal-
ysis of monomeric HIV SF2  gp120 expressed in CHO cells was conducted with 
MALDI and nanoelectrospray MS and MS/MS techniques on RP-HPLC- 
fractionated glycopeptides (Zhu et al.  2000 ). Of HIV SF2  gp120’s 26 potential glyco-
sylation sites, the glycans’ structures at 25 of these sites were characterized further 
(Table  1.1 ). The relative abundance between different glycan species was also deter-
mined at the majority of PNGS. As observed on the previously characterized 
gp120 IIIB , gp120 SF2  exhibits a population of unprocessed oligomannose-type gly-
cans, together with bi- and tri-antennary complex-type glycans, that can be fucosyl-
ated and sialylated. A follow-up study using nanocapillary HPLC coupled with ESI 
and MALDI-MS aimed to further characterize the sialylation, and eight sialylated 
glycans on monomeric gp120 SF2  were observed (Cutalo et al.  2004 ). 

 Mass spectrometric analyses were also conducted on recombinant gp140s from 
consensus    Env sequences for the group M (CON-S) and the clade B HIV JRFL  (Go et al. 

  Fig. 1.3    Recombinant gp120 and gp140 constructs. ( a ) Schematic sequences of the envelope 
glycoproteins gp120 and gp41, highlighting gp120 constant (C1–C5) and variable (V1–V5) 
regions in  grey  and  light grey,  respectively, and gp41 domains in  dark grey , where FP is the fusion 
peptide, NHR the N-terminal heptad repeat helix, CHR the C-terminal heptad repeat helix, MPER 
the membrane proximal external region, TM the transmembrane domain, and CT the cytoplasmic 
tail. The cleavage site between gp120 and gp41 is highlighted in  black . ( b ) The recombinant gp120 
construct analyzed by Cutalo et al. ( 2004 ), Leonard et al. ( 1990 ), and Zhu et al. ( 2000 ). ( c ) The 
recombinant gp140∆CF analyzed by Go et al. ( 2008 ,  2009 ), that lack the cleavage site, gp41’s 
fusion peptide, transmembrane domain and cytoplasmic tail. ( d ) The gp140∆CFI also lacks the 
region between the NHR and CHR and was developed for the consensus sequence HIV CON-S  and 
for the HIV 97ZA012  strain (Go et al.  2008 ,  2009 )       
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 2008 ), as well as for the clade C consensus sequence (C.CON), and a clade C primary 
isolate HIV 97ZA012  (Go et al.  2009 ). Glycopeptides were analyzed by MALDI-MS, 
LC-ESI-MS, and MS/MS fragmentation. Based on the number of different glycan 
structures found at a given PNGS, a ratio between oligomannose- and complex-type 
glycans was determined that might not refl ect entirely the relative abundance between 
these structures. It was found that the gp140 derived from the clade C consensus 
sequence exhibited a higher proportion of oligomannose-type glycans than gp140 
derived from primary isolates; both variants had oligomannose-type glycans predomi-
nantly distributed around the immunodominant V3 loop, within the C2 and C3 regions. 
For these analyses, gp140 was expressed in HEK 293T cells and purifi ed using 
 Galanthus nivalis , a lectin that binds α1–3mannose residues preferentially. 

 In conclusion, nearly full site occupancy of gp120 PNGS was observed in all 
studies. The presence of the oligomannose patch on gp120 outer domain, around the 

    Table 1.1    Glycosylation site analysis of recombinant monomeric gp120   

 Region  Glycan position  Predominant glycan type  Minor glycan type 

 C1  N88  Complex 
 N136  Complex  Oligomannose 

 V1/V2  N141  Complex  Oligomannose 
 N156  Complex  Oligomannose 
 N160  Complex  Oligomannose 
 N186  Complex  Oligomannose 
 N197  Complex, oligomannose 

 C2  N230  Complex, oligomannose 
 N234  Oligomannose 
 N241  Oligomannose  Complex 
 N262  Oligomannose  Complex 
 N276  Complex, oligomannose 
 N289  Oligomannose  Complex 
 N295  Complex, oligomannose 

 V3  N301  Complex  Oligomannose 
 C3  N332  Oligomannose  Complex 

 N339  Oligomannose  Complex 
 N356  Complex  Oligomannose 

 V4  N386  Oligomannose  Complex 
 N392  Complex, oligomannose 
 N397  Complex, oligomannose 
 N406  Complex, oligomannose 

 C4  N448  Complex  Oligomannose 
 V5  N463  Complex  oligomannose 

  In different studies where specifi c PNGS have been shown to bear different glycan types, the pre-
dominant and minor glycan structures are indicated. The precise chemical composition of each 
glycans is described in further detail in the relevant studies. The numbering is based on the HIV HxB2  
isolate Env sequence. The positions of the constant and variable regions are indicated. This table 
was derived from the results of Leonard et al. ( 1990 ), Zhu et al. ( 2000 ), Cutalo et al. ( 2004 ), and 
Go et al. ( 2008 ,  2009 ) describing the analyses of recombinant monomeric gp120 derived from the 
HIV IIIB  and HIV SF2  strains, and gp140 from HIV JRFL  and HIV 97ZA012   
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immunodominant V3 loop is also a characteristic feature of HIV Env glycosylation. 
On the folded protein, these oligomannose glycans arrange on what has been named 
the “immunologically silent face,” as the underlying peptide epitopes are covered 
by carbohydrates which prevent antibody recognition (Wyatt et al.  1998 ). 

 Whilst the microheterogeneity at each site was determined in the most recent 
studies, it is however important to note that the structure of complex-type glycans is 
likely to depend on the specifi c glycosylation machinery and tissue-specifi c expres-
sion of glycosyltransferases of the cell in which the glycoprotein has been expressed 
(Raska et al.  2010 ). The described analyses have been performed on recombinant 
material expressed in CHO or HEK 293T cells that are routinely used for protein 
expression. However, the glycan structures at each specifi c site might differ on viral 
Env, as gp120 trimerization would affect glycan processing, and the glycosylation 
machinery of human HIV-infected cells is different to the one of CHO and HEK 
293T cells (Lee et al.  1989 ). Analysis of gp120 directly isolated from virions pro-
duced in PBMCs is described in the next section.  

1.5      Virus Analysis 

 Although there have been a number of studies examining the glycosylation on 
recombinantly expressed gp120, the closest analysis of the glycosylation on HIV 
virions in vivo has come from studies of gp120 isolated from virus derived from 
HIV-infected cells. 

1.5.1     Chromatography Analysis of Viral Glycans 

 The fi rst step towards the determination of the chemical structure of viral envelope 
glycans was achieved in 1988, when Geyer et al. analyzed by HPLC the N-linked 
glycosylation of envelope glycoprotein isolated from cultures of radiolabeled HIV- 
infected cells (Geyer et al.  1988 ). An intracellular fraction, isolated from lysates of 
infected lymphoblastoid H9 cells, was shown to be comprised mainly of oligoman-
nose glycans, whereas another fraction isolated from culture supernatant (shed 
gp120) displayed an array of oligomannose-type glycans as well as a set of fucosyl-
ated and sialylated bi-/tri-/tetra-antennary complex-type glycans. Two years later, a 
study conducted on cell-associated gp120 showed that this gp120 displayed a wide 
range of oligomannose, hybrid, and complex glycans, with 16 % of bi-/tri-/tetra-
antennary with bisecting GlcNAc residues and sialylated complex glycans 
(Mizuochi et al.  1990 ). A wide range of lectin-binding studies have confi rmed these 
results on both monomeric and viral trimeric gp120 (Zou et al.  2011 ; Alexandre 
et al.  2010 ). These initial studies highlighted differences between recombinantly 
expressed gp120 and virion-associated gp120.  
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1.5.2     Env Glycosylation of PBMC-Derived Virus 

 More recently, mass spectrometry was used to determine the precise chemical 
structure of glycans on the envelope spike derived directly from infectious viral 
particles. PBMCs were infected with HIV-1 JRCSF , gp120 was detergent solubilized 
from the virus membrane and immunoprecipitated with a cocktail of bnAbs (Doores 
et al.  2010 ). The PNGase F-released N-linked glycans were then analyzed using 
mass spectrometry. The MALDI-TOF MS spectrum for viral Env glycosylation 
showed a higher abundance of oligomannose-type glycans compared to recombi-
nant, monomeric gp120 JRCSF , together with a population of highly processed, 
sialylated, bi-, tri-, and tetra-antennary complex-type glycans. Overall, the HIV JRCSF  
envelope derived from PBMCs showed an extended array of oligomannose-type 
glycans showing that α-mannosidase processing during the early steps of viral 
 glycoprotein assembly and secretion is greatly limited on the native virus in com-
parison to recombinant monomeric gp120. Moreover, in contrast to monomeric 
gp120, complex-type glycans isolated from viral envelope spikes form a restricted 
set of sialylated bi-/tri-/tetra- antennary glycans. MALDI-TOF MS analyses of 
gp120 JRCSF  envelope isolated from PBMC-derived virus, both before and after desi-
alylation, showed that a majority of complex-type glycans present on gp120 are 
sialylated (Bonomelli et al.  2011 ; Doores et al.  2010 ).  

1.5.3     Conservation of Env Glycosylation Pattern for Viral 
Isolates from Different Clades 

 Analyses of gp120 derived from virus prepared by infection of PBMCs with viruses 
from clade A (92RW009), clade B (JRCSF), and clade C (93IN905) showed a pre-
dominantly oligomannose glycan composition (62–79 % Man 5–9 GlcNAc 2 ), with a 
distribution similar to that of PBMC-derived gp120 JRCSF  (Bonomelli et al.  2011 ). 
The series of branched, fucosylated complex-type corresponding to the neutral 
derivatives of sialylated bi-, tri-, and tetra-antennary glycans, were also conserved 
in all three spectra. This demonstrates that in marked contrast to the underlying 
protein epitopes, there is a high degree of conservation of the surface-exposed gly-
can structures, with a set of unprocessed oligomannose-type glycans, and an addi-
tional conserved set of highly processed, fucosylated, sialylated bi-, tri-, and 
tetra-antennary complex-type glycans. 

 However, the relative abundance of glycans within the oligomannose series dif-
fers slightly between isolates from different clades. The ratio of oligomannose-type 
glycans that terminate with Manα1→2Man-linked mannose residues, compared 
with those that do not, is higher for gp120 derived from HIV-1 92RW009  (clade A, 5.4) 
and HIV-1 JRCSF  (clade B, 5.6) compared to that of HIV-1 93IN905  (clade C, 2.3). A likely 
explanation for this difference in glycan processing, in clade C envelope, is the 
absence of key glycosylation site(s) which reduce the density of the intrinsic 
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mannose patch and consequently increase the processing of adjacent Manα1→2Man 
termini. Notably, the oligomannose glycan attached to Asn295 is absent in most 
clade C isolates, including HIV-1 93IN905 , and is critical for effi cient neutralization by 
a number of mannose-specifi c antibodies, including 2G12.   

1.6      Analysis of Mimics of the Viral Spike 

 Mimics of “real” HIV virions are commonly used for neutralization assays with 
both bnAbs and immune sera. Although HEK 293T cells are not naturally infected 
by HIV-1, they are routinely employed to produce pseudoviral particles. It is there-
fore important to know how the glycosylation of envelopes from pseudoviral parti-
cles resembles that of viral envelope glycosylation. 

1.6.1     Infectious Molecular Clone Envelope Glycosylation 

 Envelope glycoprotein isolated from a replication-competent virus prepared in 
HEK 293T cells using an infectious pLAI-JRCSF Env molecular clone showed a 
more even distribution between oligomannose and complex-type glycans compared 
to the glycosylation profi le obtained for gp120 isolated from virus produced in 
PBMCs (Bonomelli et al.  2011 ). The complex-type glycans were predominantly of 
the bi- or tri-antennary type with variable galactosylation and fucosylation typical 
for HEK 293T cell-derived glycoproteins.  

1.6.2     Pseudoviral Particles Envelope Glycosylation 

 Pseudoviral particles generated by co-transfection of HEK 293T cells with plasmids 
carrying the JRCSF envelope gene and the HIV-1 backbone are also routinely used. 
MALDI-TOF MS analysis of isolated gp120 envelope glycans revealed an almost 
exclusive oligomannose population (Doores et al.  2010 ). Most notably, the 
Man 5 GlcNAc 2  glycan, found only as a minor species on monomeric gp120, or at a 
comparable level as the other oligomannose structures on viral envelope, is observed 
as the single most abundant species on gp120 derived from pseudoviral particles. 
Similar to the infectious molecular clone system, an uncleaved, nonfunctional 
gp160 band also showed the presence of higher levels of oligomannose glycans and 
Manα1→2Man terminating glycans. Further, a distinct gp120 glycoform, shed in 
the supernatant, and proposed to be derived solely from cleaved functional trimers 
(Crooks et al.  2011 ), shows a decrease in α1→2-mannosidase trimming, together 
with a population of residual, complex-type glycans. This resembles the glycosyl-
ation of gp120 isolated from functional virus. Moreover, the complex-type glycans 
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seen in this shed gp120 were accompanied by a corresponding reduction in the 
Man 5 GlcNAc 2  peak compared to virion-associated gp120. This indicates that this 
species does not evade processing by GnT-I and subsequent Golgi-resident glycosi-
dases and glycosyltransferases.  

1.6.3     Analysis of Recombinant Trimers 

 Further mimics of the Env trimer on “real” HIV virus are recombinant trimers. The 
HIV Env trimer is relatively unstable, therefore there are very few examples of 
recombinantly expressed soluble trimers and little is known of their glycosylation. 
A common HIV trimer stabilization strategy has been to introduce mutations that 
stabilize the gp120/gp41 interface. One example has been the introduction of addi-
tional cysteine residues at the gp120/gp41 interface that stabilize the trimer (referred 
to as SOSIP trimer) through formation of disulfi de bonds (Binley et al.  2000 ; 
Sanders et al.  2002 ). Sanders and co-workers expressed a KNH1144 SOSIP trimer 
in the  N -acetylglucosaminyltransferase I-defi cient HEK 293S cell line and analyzed 
the glycans using mass spectrometry and HPLC (Eggink et al.  2010 ). Man 9  and 
Man 8  glycans accounted for 53 % of the N-linked glycans in comparison to the typi-
cal 14–22 % found on recombinant monomers (Bonomelli et al.  2011 ; Doores et al. 
 2010 ) suggesting that α1→2-mannosidase trimming is reduced by the steric con-
straints imposed by gp120 trimerization leading to a “trimer-associated” oligoman-
nose population in addition to the “intrinsic” mannose patch in a manner similar to 
that observed on virion-associated gp120. 

 The full assignment of the 27 PNGS present on soluble recombinant trimeric 
gp140 protein from the clade C HIV-1 CN54  strain expressed in CHO cells was per-
formed by LC-ESI-MS (Pabst et al.  2012 ). The  m / z  values then obtained by ESI-MS 
for each glycopeptides were analyzed to assess site occupancy, glycan structure, 
and microheterogeneity at each PNGS. In agreement with previous studies, the 
cluster of oligomannose-type glycans on gp120 outer domain was also observed.  

1.6.4     Comparison of Trimer Mimics to PBMC-Derived Viruses 

 The analysis of N-linked glycans from gp120 isolated from virions produced in 
PBMCs showed that oligomannose-type glycans are a key feature of viral envelope 
glycoproteins, together with a conserved set of highly processed, sialylated bi-/tri-/
tetra-antennary complex-type glycans. Overall, the distribution of oligomannose- 
type glycans for the PBMCs-derived virus is similar to the one observed for the 
single-plasmid infectious pLAI-JRCSF molecular clone, and the shed material from 
the pseudoviral system, with the presence of complex-type glycans, but without an 
elevated Man 5 GlcNAc 2  peak. A common feature of glycosylation of envelope 
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isolated from pseudoviral particles is the high abundance of the Man 5 GlcNAc 2  
glycan. Furthermore, the decrease in complex-type glycans abundance demon-
strates that further along the glycosylation pathway, the envelope spikes show a 
partial resistance to processing by GnT I or by subsequent Golgi-resident enzymes 
(Fig.  1.1 ). This data is consistent with recent reports that pseudoviral particles con-
tain a large proportion of Endo H sensitive, nonfunctional envelope glycoprotein 
(Crooks et al.  2011 ). It was suggested that the cellular stress induced by the extended 
stay of Env in the ER lead to incorporation of uncleaved gp160 from the ER on 
nascent virions (Tong et al.  2012 ). 

 Viral envelope glycoproteins exhibit a further level of divergence in their glyco-
sylation compared to host-cell glycosylation and monomeric glycosylation. 
Processing by α-mannosidase during the early steps of viral glycosylation assembly 
and secretion is limited to a greater extent on the native virus than on monomeric 
gp120. This would be compatible with a model where envelope oligomerization 
occurs in cellular compartments with active α1→2 mannosidases, and where struc-
tural constraints, such as glycan–glycan and glycan–protein interactions at the tri-
mer interface, alter HIV glycan processing.   

1.7     Conservation of gp120 Oligomannose Patch 

 MALDI-TOF MS (Bonomelli et al.  2011 ; Doores et al.  2010 ) and lectin-binding 
studies (cyanovirin-N, griffi thsin, scytovirin) (Alexandre et al.  2010 ) have shown 
that the population of oligomannose-type glycans is a conserved feature of all 
viral isolates from both virion-associated and recombinantly expressed gp120/
gp140. 

 The presence of a dense cluster of glycans on gp120 outer domain is thought to 
decrease glycosidase accessibility to glycan structures and result in the presence of 
unprocessed oligomannose-type glycans on the surface of gp120. Consequently, the 
number of PNGS, as well as mutations involving PNGS, may alter the overall levels 
of oligomannose-type glycans, and the relative abundance of glycans within the 
oligomannose series. These unprocessed oligomannose-type glycans form the 
mannose- patch which is the target of a number of HIV bnAbs. 

 Site-analysis data suggest that the mannose-patch includes the N-linked glycans 
at positions N295, N332, N339, N386, and N392 which are 59 %, 73 %, 66 %, 
87 %, and 79 % conserved, respectively. The 73 % conservation of the N332 glycan 
explains the breadth of neutralization of PGT128. However, for antibodies such as 
2G12 and PGT131–135 that recognize additional and less well-conserved glycans, 
a more limited breadth of neutralization is observed (Walker et al.  2011 ; Binley 
et al.  2004 ), and the deletion of one or several glycosylation site(s) has a more sig-
nifi cant impact on their neutralization sensitivity (Scanlan et al.  2002 ). Likewise, 
resistance to the cyanovirin-N lectin, whose binding site overlaps 2G12 epitope, is 
associated with mutations at the N230, N289, N332, N339, N386, N392, and N448 
sites (Balzarini et al.  2006 ; Hu et al.  2007 ). 
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 The conservation of the population of oligomannose-type glycans upon mutation 
of one or two key glycosylation sites, as well as between isolated from clade A, B, 
and C indicates that oligomannose-type glycans are a conserved feature of viral 
glycosylation, and therefore a potential template for immunogen design.  

1.8     Conservation of a Restricted Set of Complex-Type 
Glycans on Viral Env 

 Whilst the oligomannose-type glycans form a cluster on gp120 outer domain distal 
to the CD4-binding site, it has been proposed that gp120 complex-type glycans 
arrange as a tight patch next to the receptor-binding site (Sato et al.  2012 ). The role 
of complex-type glycans in HIV infection and pathogenesis, however, remains 
poorly understood. 

 It was shown by MALDI-TOF MS analysis that the population of complex-type 
glycans was composed of a restricted set of highly processed, sialylated, bi-, tri-, 
and tetra-antennary glycans (Bonomelli et al.  2011 ). In addition to glycan profi ling, 
lectin-binding studies have shown that gp120 exhibit glycans bearing terminal lac-
tosamine (LacNAc or GalGlcNAc) residues, as evidenced by binding to Galectin-1 
(St-Pierre et al.  2011 ), which has been shown to promote HIV binding to CD4 +  
T-cells and facilitate infection. 

 The crystal structure of the bnAb PGT121 shows that this antibody can bind 
to bi-antennary sialylated complex-type glycans (Mouquet et al.  2012 ; Julien 
et al.  2013 ). PGT121 was also shown to neutralize virions produced in GnT 
I-defi cient cells displaying oligomannose-type glycans only and virus produced 
in the presence of kifunensine displaying only Man 9 GlcNAc 2  glycans suggesting 
that PGT121 recognition of this complex glycan is not absolutely required for 
neutralization. 

 A similar pattern of glycosylation and glycan structures were observed on virion- 
associated gp120 from different viral isolates, suggesting that similarly to the oligo-
mannose patch, complex-type glycans are also a conserved, typical feature of viral 
Env glycosylation.  

1.9     Remodeling of HIV-1 gp120 Glycosylation 

 Although the glycosylation on glycoproteins is determined by the host-cell glyco-
sylation machinery and the protein-directed effects discussed above (e.g., trimeriza-
tion), it is possible to control the type of glycosylation displayed to some extent 
using glycosidase inhibitors that inhibit the enzymes within the N-linked glycosyl-
ation pathway. These inhibitors have been used in production of both pseudoviral 
particles and recombinantly expressed gp120s. 
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1.9.1     Remodeling of Viral Glycoforms 

 Glycosidase inhibitors have been used to manipulate the glycosylation on HIV 
pseudovirions. α-Glucosidase inhibitors (e.g.,  N -butyldeoxynojirimycin (NB-DNJ) 
and castanosperimine) are potent inhibitors of HIV replication (Fleet et al.  1988 ; 
Gruters et al.  1987 ; Karpas et al.  1988 ; Walker et al.  1987 ) whereas inhibitors of 
the later stages of glycan processing (e.g., deoxymannojirimycin (DMJ), kifunen-
sine, and swainsonine) have no effect (Elbein et al.  1990 ; Gruters et al.  1987 ; 
Montefi ori et al.  1988 ). Glycosidase inhibitors have been used to measure the 
effect changes in gp120 glycosylation has on the sensitivity of viruses to neutral-
ization by bnAbs and subsequently to evaluate the role glycans play in the epitope 
of the bnAb. 

 NB-DNJ inhibits α-glucosidase I and II, resulting in glycoproteins displaying 
Glc 1–3 Man 9 GlcNAc 2  glycans by preventing removal of glucose residues (Fischer 
et al.  1995 ,  1996 ; Karlsson et al.  1993 ). However, the presence of an endomanno-
sidase in HEK 293T cells, which cleaves glucosylated glycans between the termi-
nal mannose residues of the D1 arm into (D2,D3)-Man 8 GlcNAc 2  (Roth et al.  2003 ) 
represents an alternative pathway to more processed glycans. Therefore virus 
made in HEK 293T cells in the presence of NB-DNJ will not display oligoman-
nose glycans bearing Manα1→2Man residues at the terminus of the D1 arm. 
NB-DNJ treated pseudovirus has therefore been used to identify bnAbs that neu-
tralize HIV through interaction with terminal Manα1→2Man residues of the D1 
arm in a manner similar to the mannose-specifi c bnAb 2G12 (Calarese et al.  2003 , 
 2005 ; Pejchal et al.  2011 ). 

 Kifunensine, a potent ER α-mannosidase I as well as type I Golgi α-mannosidase 
inhibitor, has now been used extensively to generate pseudovirions displaying 
homogeneous Man 9 GlcNAc 2  glycans (Agrawal-Gamse et al.  2011 ; Doores and 
Burton  2010 ). Kifunensine-treated pseudovirus is resistant to neutralization by 
N160-sensitive, trimer preferring bnAbs such as PG9, PG16, and PGT145 
(Doores and Burton  2010 ) and this assay has now become a diagnostic tool for 
measuring the presence of this type of bnAb in HIV-infected individuals (Walker 
et al.  2010 ). 

 Swainsonine, a potent inhibitor of the enzyme Golgi α-mannosidase II, prevents 
the formation of complex sugars by inhibiting the trimming of mannose residues 
from GlcNAcMan 5 GlcNAc 2 . Therefore swainsonine-treated virus will display 
GlcNAcMan 5 GlcNAc 2  instead of more processed complex glycans. Further, a GnT 
I-defi cient HEK 293S cell line does not add a GlcNAc residue to the Man 5 GlcNAc 2  
structures in the Golgi apparatus. Therefore, glycoproteins or  pseudovirus prepared 
in this cell line will display Man 5 GlcNAc 2  instead of more processed complex gly-
cans (Reeves et al.  2002 ). Any Man 6–9 GlcNAc 2  glycans naturally occurring on the 
virion-associated gp120 will be unchanged when using these two expression sys-
tems. These systems are useful for determining the role of complex glycans in 
pathogenesis and the epitopes of bnAbs (Doores and Burton  2010 ; Eggink et al. 
 2010 ; Pejchal et al.  2011 ; Binley et al.  2010 ).  
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1.9.2     Remodeling of Recombinant Protein Glycoforms 

 In a manner similar to that described for pseudovirus, recombinant glycoproteins 
can be expressed in the presence of glycosidase inhibitors and in the GnT 
I-defi cient HEK 293S cell line (Reeves et al.  2002 ). These expression systems are 
useful tools for reducing the glycan heterogeneity of glycoprotein antigens used in 
structural studies of HIV envelope glycoproteins in complex with bnAbs and in 
immunogen development. By disrupting specifi c steps of the glycosylation path-
way, gp120 glycoforms closely representing biosynthetic intermediates of the 
early ER and the IC/ cis -Golgi based on the known localization of the processing 
enzymes can be generated. When gp120 is expressed in HEK 293T cells in the 
presence of kifunensine, Man 9 GlcNAc 2  is the predominant glycan displayed and 
this glycoform thus mimics an early ER gp120 glycoform. Expressing gp120 in 
GnT I-defi cient HEK 293S cells creates a glycoform representing an IC/ cis -Golgi 
gp120. Glycan processing in this cell line is stalled at the Man 5 GlcNAc 2  biosyn-
thetic intermediate. 

 These two different glycoforms were used by Scanlan and co-workers to study 
the kinetics of hydrolysis of Man 9 GlcNAc 2  to D1,D3-Man 8 GlcNAc 2  (Doores et al. 
 2010 ) to understand the persistence of a core population of Man 6–9 GlcNAc 2   glycans 
on HIV envelope, a mannose patch that is intrinsic to the monomer and is indepen-
dent of the effects of trimerization discussed above. It has been proposed that the 
dense clustering of glycans on gp120 outer domain might form a protected patch 
of unprocessed oligomannose glycans that are maintained as a result of their inac-
cessibility to ER and Golgi α1→2mannosidases. A biphasic hydrolysis was 
observed with an initial rapid trimming of Man 9 GlcNAc 2  to D1,D3-Man 8 GlcNAc 2  
on the early gp120-ER glycoform described above (displaying homogeneous 
Man 9 GlcNAc 2  glycans) whereas the remaining Man 9 GlcNAc 2  were trimmed at an 
approximately 100 times slower rate. A signifi cant population of Man 9 GlcNAc 2  
(30 %) was left unprocessed after exhaustive digestion. This provides direct sup-
port for a model in which the high-mannose patch is conserved on gp120 due to the 
inaccessibility of the highly clustered N-linked glycans to the ER α-mannosidase I 
enzyme. This patch includes the N332 glycan that forms the central contact for 
several of the HIV bnAbs (e.g., 2G12, PGT128, and PGT121).  

1.9.3     Remodeling of N-Linked Glycan Positioning 

 In addition to manipulation of the composition of the N-linked glycans on gp120, 
individual glycosylation sites can be removed through site-directed mutagenesis, 
through mutation of the Asn or Thr/Ser residues of the glycosylation sequon removal 
of specifi c glycosylation sites using this method has allowed identifi cation of the 
N-linked glycans that are important in the epitopes of some HIV bnAbs (Scanlan 
et al.  2002 ; Walker et al.  2011 ; Wang et al.  2013 ).   
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1.10     Discussion/Conclusion 

 In summary, the HIV envelope glycoprotein is heavily glycosylated with host- 
derived N-linked glycans. The above-described studies have shown that the glyco-
sylation of this protein diverges from typical host-cell glycosylation as illustrated in 
the model in Fig.  1.4 . The presence of a dense cluster of glycans on gp120 outer 
domain has been shown to decrease mannosidase accessibility to glycan structures 
and result in the presence of unprocessed oligomannose-type glycans on gp120 sur-
face. The clustering of N-linked glycans and the steric constraints of trimerization 
gives rise to a population of oligomannose glycans on viral Env. A higher level of 
these Manα1→2Man terminating glycans has been reported for viral trimeric spike, 
indicating that these additional structures derive from a mechanism separate from 
the one leading to the formation of the monomer-intrinsic mannose patch. This sug-
gests that given the extensive opportunities for glycan–glycan and glycan–protein 

  Fig. 1.4    Model for HIV Env glycosylation processing. As folded glycoproteins transit through the 
ER, IC, and  cis -Golgi apparatus, terminal mannose residues are removed from the Man 9 GlcNAc 2  
glycan by ER α-mannosidase I and Golgi mannosidase A-C. The resulting Man 5 GlcNAc 2  interme-
diate is then processed by GnT I and subsequent glycosyltransferases to yield a variety of complex- 
type glycans, which composition depends on the cell from which they derive. However, whilst 
gp120/gp41 glycans are processed by the host-cell glycosylation machinery, the chemical compo-
sition of monomeric gp120 and native trimeric HIV Env glycans was shown to exhibit markedly 
constrained, protein-directed glycan processing when compared to that of the host cell. Firstly, 
dense clustering of glycans on gp120 outer domain leads to lack of mannosidase processing and 
persistence of a patch of unprocessed oligomannose type glycans. Secondly, further glycan–glycan 
and protein–glycan interactions due to trimerization lead to an additional “trimer associated” 
oligomannose population       
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interactions at the trimer interface, these structural constraints of trimerization do 
alter HIV glycan processing.

   The population of oligomannose-type glycans on virion-associated gp120 is con-
served regardless of the virus production system, the envelope expression level, 
bnAb sensitivity, or the envelope sequence. This divergence from host-cell glyco-
sylation gives rise to the high-mannose epitopes that are targeted by a number of the 
HIV bnAbs including 2G12, PGT128, and PG9. Finally, from the perspective of 
viral transmission and pathogenesis, it is proposed that the oligomannose glycans 
are required for the interaction with the dendritic cell-specifi c intercellular adhesion 
molecule-3-grabbing non-integrin (DC-SIGN) on peripheral dendritic cells and 
promote the capture and dissemination of HIV in the early stage of infection. The 
broad conservation of the oligomannose array indicates that such interactions are 
highly effi cient for any isolate or clade of HIV.  

1.11     Future Perspectives 

 As there are noticeable differences between virion-associated and recombinantly 
expressed gp120 and an increasing number of HIV bnAbs isolated bind to the 
N-linked glycans on the HIV envelope glycoprotein, knowledge of the type of 
glycan present at each site on virion-associated gp120 may be critical for design of 
immunogens that correctly mimic the glycan shield on HIV. However, due to the 
amount of material required for site-specifi c analysis using the current methodolo-
gies, studies using virion-associated gp120 have not been carried out. More sensi-
tive analytical methodologies and improved protocols for making large quantities of 
HIV may be necessary.     
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    Abstract     Innate immune cells such as dendritic cells (DCs), Langerhans cells 
(LCs), and macrophages are equipped with pattern recognition receptors that sense 
invading pathogens and activate immune responses. Recognition of the heavily gly-
cosylated human immunodefi ciency virus type-1 (HIV-1) envelope proteins by 
innate immune cells is mediated through membrane-bound C-type lectin receptors 
(CLRs) that interact with the carbohydrate structures. In addition, soluble lectin 
receptors present in tissue or blood can also bind to HIV-1 glycans. Capture of 
HIV-1 through CLRs is crucial for antigen presentation and induction of antiviral 
immunity. Strikingly, HIV-1 has evolved to exploit these innate receptors to facili-
tate infection as well as promote transmission to CD4 +  T cells. The outcome of HIV-
1-glycan recognition by the host is strongly dependent on the cell type and receptors 
involved. Identifi cation of the molecular mechanisms and functional results of gly-
can-mediated recognition of HIV-1 is essential for a better understanding of HIV-1 
pathogenesis and will lead to the development of novel antiviral strategies. Here, we 
discuss the current knowledge on recognition of HIV-1 through innate lectin recep-
tors and the implications for viral replication, transmission, and immunity.  

  Keywords     HIV-1 infection   •   HIV-1 dissemination   •   Glycans   •   Dendritic cells   
•   Macrophages   •   C-type lectins   •   Innate immunity  
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   BDCA    Blood dendritic cell antigen   
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  CRD    Carbohydrate recognition domain   
  DC    Dendritic cell   
  DCIR    Dendritic cell immunoreceptor   
  DC-SIGN    Dendritic cell-specifi c ICAM-3 grabbing non-integrin   
  GALT    Gut-associated lymphoid tissue   
  gp    Glycoprotein   
  HIV-1    Human immunodefi ciency virus type-1   
  IFN    Interferon   
  IL    Interleukin   
  ITIM    Immunoreceptor tyrosine-based inhibitory motif   
  LC    Langerhans cell   
  LSP1    Leukocyte-specifi c protein 1   
  MBL    Mannose-binding lectin   
  MHC    Major histocompatibility complex   
  MR    Mannose receptor   
  NLR    NOD-like receptor   
  PAMP    Pathogen-associated molecular pattern   
  pDC    Plasmacytoid dendritic cell   
  PRR    Pattern recognition receptor   
  RLR    RIG-I-like receptor   
  TLR    Toll-like receptor   

2.1           Introduction 

 Human immunodefi ciency virus type-1 (HIV-1), a lentivirus that belongs to the 
retrovirus family, is the causing agent of AIDS. Despite progress in HIV-1 treat-
ment strategies, HIV-1 remains a worldwide problem. The main route of HIV-1 
infection is via sexual transmission, and vaginal tissue and foreskin are important 
entry sites of HIV-1. The progression of initial HIV-1 infection into chronic infec-
tion consists of various events, including dissemination of HIV-1 to CD4 +  T cells 
throughout the body. CD4 +  T cell depletion is a hallmark of HIV-1 infection and 
when CD4 +  T cell numbers decline the body becomes vulnerable to life-threatening 
infections as well as cancer. Innate immune cells that reside within mucosal tissues, 
such as dendritic cells (DCs) and macrophages, are among the fi rst cells that 
encounter HIV-1. The initial interaction between HIV-1 and DCs or macrophages 
within the mucosa is crucial for the induction of adaptive immune responses against 
the virus. However, growing evidence indicates that HIV-1 subverts recognition by 
innate immune cells for survival and dissemination. Recent studies indicate that 
recognition of HIV-1 glycans by DCs and macrophages through carbohydrate-
binding proteins, CLRs, plays an important role in HIV-1 replication and transmis-
sion. The immunological function of innate immune cells and their specifi c 
expression of CLRs are key elements in determining their signifi cance and relative 
contributions during HIV-1 infection. In addition, several soluble lectins might also 
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interact with gp120 and could be involved in HIV-1 infection. In this review we 
discuss the current knowledge on recognition of HIV-glycans by innate receptors 
and the consequences of these interactions.  

2.2     Innate Immunity 

 The innate immune system forms the fi rst line of defense against invading patho-
gens. Innate immune cells such as DCs and macrophages are strategically located in 
epithelial tissues throughout the body, where they sample the environment for 
invading pathogens. To detect invading pathogens, these innate immune cells 
express various groups of germline-encoded pattern recognition receptors (PRRs), 
including Toll-like receptors (TLRs), NOD-like receptors (NLRs), RNA helicases 
(known as RIG-I-like receptors, RLRs), and CLRs (Akira et al.  2006 ). These PRRs 
recognize highly conserved pathogen-associated molecular patterns (PAMPs) 
expressed by a wide range of microbes such as lipids, lipoproteins, proteins, nucleic 
acids, and carbohydrates. When PAMPs are recognized by PRRs, intracellular sig-
naling cascades are activated resulting in expression of genes encoding for various 
elements of the infl ammatory response including cytokines, chemokines, and type 1 
interferons (IFNs) (Blander and Sander  2012 ). Transcription factors such as NF-κB 
are key mediators in the regulation of inducible gene expression in innate immune 
cells (Akira et al.  2006 ). Various PRRs are expressed at different subcellular com-
partments such as at the cell surface, in endosomes, and in the cytoplasm. Expression 
of different PRRs enables cooperative, synergistic signaling and the induction of 
specifi c immune responses against pathogens. 

 DCs are professional antigen presenting cells that bridge innate and adaptive 
immunity by activating naive T cells in lymph nodes (Banchereau and Steinman 
 1998 ). DCs are well equipped to capture and process pathogens. Upon recognition 
of pathogens via their PRRs, DCs are activated and migrate to the lymph nodes to 
activate antigen-specifi c T cells (Banchereau and Steinman  1998 ). In order to acti-
vate antigen-specifi c T cells, DCs present antigens on major histocompatibility 
complex (MHC) molecules (Steinman and Banchereau  2007 ). In addition, DCs pro-
vide signals for the differentiation of CD4 +  T cells into distinct T helper cell subsets 
that are required to fi ght the infection (Kapsenberg  2003 ). For example, interleukin 
(IL)-12 family members and type-1 IFNs are typical mediators that are expressed by 
activated DCs to instruct the development of T helper 1 cells (Kadowaki et al.  2000 ; 
Salomon and Bluestone  1998 ; Trinchieri  2003 ), whereas IL-4 and OX-40 ligand are 
associated with T helper 2 responses (Murphy and Reiner  2002 ). In addition, pro-
duction of IL-10 and TGF-β is associated with the induction of various types of 
regulatory T cells (van der Aar et al.  2011 ). The array of PRRs triggered by patho-
gens determines the expression of cytokines, co-stimulatory molecules, and other 
cell surface molecules by DCs (Kapsenberg  2003 ). Thus, pathogen recognition is 
central to the induction of appropriate adaptive responses. DCs are a heterogeneous 
population of cells, and in the mucosa different DC subsets can be distinguished. 
Langerhans cells (LCs) form a dense network in the upper mucosal layer, whereas 
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submucosal DCs reside in the underlying submucosal layer (Banchereau and 
Steinman  1998 ; Valladeau and Saeland  2005 ). LCs and submucosal DCs express 
specifi c PRR profi les and respond differentially to pathogens (Valladeau and 
Saeland  2005 ; van der Aar et al.  2007 ). Another DC subset is the plasmacytoid DC 
(pDC), which is abundant in blood    (Ito et al.  2005 ). 

 In contrast to DCs, macrophages are resident tissue cells that do not migrate 
upon activation (Gordon and Taylor  2005 ). Macrophages are highly phagocytic and 
their main function is capture invading pathogens for intracellular enzymatic degra-
dation. Upon pathogen recognition, macrophages also secrete infl ammatory cyto-
kines and chemokines to initiate local infl ammation and attract other immune cells 
from the blood into the tissue.  

2.3     HIV-1 Binding and Infection of Innate Immune Cells 

 The fi rst essential step in the HIV-1 replication cycle is interaction with the host cell 
surface. Viral entry is dependent on the binding of the HIV-1 envelope glycoprotein 
gp120 with the entry receptor CD4 and co-receptors CCR5 or CXCR4 on the cell 
surface of host cells. DCs and macrophages in vaginal mucosa, oral mucosa, and 
male foreskin are among the fi rst cells to encounter HIV-1. DCs and macrophages 
express CD4 and CCR5 or CXCR4 and are susceptible to HIV-1 infection (de Jong 
et al.  2010 ; Gringhuis et al.  2010 ; Laurence  1993 ). In vivo, infection of macro-
phages and DCs is observed soon after exposure to HIV-1 (Collins et al.  2000 ; 
Hladik et al.  2007 ; Hu et al.  2000 ; Spira et al.  1996 ), suggesting that these innate 
immune cells are early target cells for HIV-1. 

 HIV-1 virions interact with DCs and macrophages through entry receptors, but 
are also captured via PRRs. A characteristic feature of HIV-1 gp120 is its densely 
glycosylated surface. Approximately half of the molecular mass of gp120 consists 
of N-linked glycans (Barin et al.  1985 ). In general, complex carbohydrates are pres-
ent on the variable loops of gp120 and often differ among HIV-1 isolates. In con-
trast, gp120 glycans of a high-mannose or hybrid character located in the less-variable 
regions of the protein are usually conserved among divergent HIV-1 isolates 
(Sanders et al.  2002 ). These glycans play an essential role in the proper folding of 
gp120 in the endoplasmic reticulum (Li et al.  1993 ) and protect the protein from 
proteolytic degradation and shield peptide epitopes from recognition by antibodies 
and T cells (Scanlan et al.  2007 ). The human immune system takes advantage of the 
presence of the dense glycan shield that surrounds HIV-1 which can be recognized 
as PAMPs by a specifi c family of PRRs that bind carbohydrates: the CLRs.  

2.4     HIV-1 Recognition by C-Type Lectin Receptors 

 Lectin receptors recognize carbohydrate structures via one or more carbohydrate 
recognition domains (CRDs). The CLR family is classifi ed based on the presence of 
a conserved structural motif in their CRDs (Drickamer  1999 ). Although originally 
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the term C-type lectin referred to calcium-dependent carbohydrate recognition, the 
C-type lectin family now also includes proteins that do not require calcium for bind-
ing. CLRs exist both as soluble and transmembrane proteins and mediate a diverse 
range of functions: they are involved in a variety of cell–cell interactions but it is 
becoming evident that this family of receptors are important PRRs (Fig.  2.1 ). 

  Fig. 2.1    Function of C-type lectin receptor (CLRs) in innate immunity. CLRs are pathogen recogni-
tion receptors that interact with specifi c glycan structures on pathogens, such as mannose, fucose, and 
glucan structures. CLRs expressed by DCs and macrophages mediate internalization of pathogens. 
Internalized pathogens are subsequently degraded or processed for antigen presentation on MHC 
molecules to activate specifi c T cells. Pathogen recognition by CLRs induces various intracellular 
signaling processes that lead to specifi c cytokine production and immunomodulation. Some CLRs 
modulate TLR signaling whereas other CLRs elicit signaling independently of TLR activation       
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Recognition of pathogens by innate immune cells through CLRs generally leads to 
internalization and endosomal degradation (van Kooyk and Rabinovich  2008 ) 
(Fig.  2.1 ). As such, C-type lectin-mediated antigen uptake is associated with effi -
cient antigen presentation and immune stimulation by DCs (Bozzacco et al.  2007 ; 
Tacken et al.  2005 ). Importantly, differential CLR triggering by pathogens induces 
distinct immune responses through activation of distinct gene transcription profi les 
(Fig.  2.1 ). CLRs such as dectin-1 and dectin-2 directly induce gene expression by 
activating transcription factors belonging to the NF-κB family (Gringhuis et al. 
 2007 ,  2009b ; Meyer-Wentrup et al.  2009 ; Rogers et al.  2005 ). In contrast, several 
CLRs, including dendritic cell-specifi c ICAM-3 grabbing non-integrin (DC-SIGN) 
and blood dendritic cell antigen-2 (BDCA2), induce signaling pathways that modu-
late TLR-induced gene expression, but do not induce gene expression in the absence 
of signaling via other PRRs (Fig.  2.1 ).

   CLRs induce signaling via various cellular mechanisms; BDCA2 and dectin-2 
induce signaling through immunoreceptor tyrosine-based activation motif- 
containing adaptor molecules (Bates et al.  1999 ; Cao et al.  2007 ; Sato et al.  2006 ; 
Yamasaki et al.  2008 ), whereas DC-SIGN and dendritic cell immunoreceptor 
(DCIR) activate protein kinases or phosphatases that either directly or indirectly 
interact with their cytoplasmic domains (Gringhuis et al.  2007 ,  2009a ; Rogers 
et al.  2005 ). 

 Different CLRs have distinct carbohydrate specifi cities, which are related to the 
amino acid sequences in their respective CRDs (Cambi et al.  2005 ; Robinson et al. 
 2006 ). CLRs expressed by DCs and macrophages primarily interact with pathogens 
through the recognition of mannose, fucose, and glucan carbohydrate structures. 
The HIV-1 gp120 envelope protein has a particularly high proportion of mannose 
structures (Sanders et al.  2002 ), which allows recognition of HIV-1 by mannose- 
recognizing CLRs. Genetic variations in genes encoding CLRs have been linked 
with increased or decreased risk of HIV-1 infection and disease progression (Boily- 
Larouche et al.  2012 ; Sobieszczyk et al.  2011 ), indicating that these receptors play 
an essential role during HIV-1 infection. Several CLRs recognize mannose struc-
tures expressed on gp120 including DC-SIGN (Cassol et al.  2013 ; Geijtenbeek et al. 
 2000 ; Kwon et al.  2002 ), langerin (de Jong et al.  2008 ; de Witte et al.  2007 ), the 
mannose receptor (MR) (Nguyen and Hildreth  2003 ), and BDCA2 (Martinelli et al. 
 2007 ) (Table  2.1 ). Recently, DCIR has also been shown to recognize gp120, how-
ever, the carbohydrate structures that are recognized remain elusive (Lambert et al. 
 2008 ,  2011 ). These CLRs are expressed at the cell surface of DCs and macrophages 
and enable recognition and capture of HIV-1 prior to infection.

   HIV-1 capture by CLRs mediates internalization and degradation of the virus 
and results in antigen presentation for the induction of adaptive immunity (Moris 
et al.  2006 ). Moreover, internalization of HIV-1 by CLRs results in the triggering of 
endosomal TLRs. HIV-1-derived ssRNA can be recognized by endosomal TLR7 
and TLR8 (Heil et al.  2004 ). In humans TLR8 seems to be an important receptor for 
recognition of HIV-1 and subsequent induction of immune responses; uptake of 
HIV-1 by DCs into endosomes triggers TLR8, via ssRNA, resulting in activation 
and nuclear translocation of transcription factor NF-κB (Gringhuis et al.  2010 ). 
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Inhibition of TLR7 recognition of HIV-1 did not affect NF-κB activation (Gringhuis 
et al.  2010 ), indicating that TLR8 plays a role in HIV-1 recognition. Thus, CLR- 
mediated recognition and uptake of HIV-1 by DCs and macrophages are important 
for the induction of innate and adaptive immunity against HIV-1. However, new 
insights indicate that HIV-1 subverts the innate recognition by CLRs to enhance 
transmission and replication. The outcome of HIV-1-glycan recognition depends on 
the CLRs and innate cells that are involved (Table  2.1  and Fig.  2.2 ). Expression of 
several lectins is confi ned to specifi c subsets of DCs, e.g., langerin is specifi cally 
expressed by LCs, while pDCs selectively express BDCA-2. Furthermore, submu-
cosal DCs express high levels of DC-SIGN and macrophages express very high 
levels of MR (Gazi and Martinez-Pomares  2009 ). DC-SIGN, DCIR, and MR pro-
mote infection of innate immune cells as well as transmission of HIV-1 to T cells 
(Arrighi et al.  2004 ; Bates et al.  1999 ; Geijtenbeek et al.  2000 ; Nguyen and Hildreth 
 2003 ), whereas langerin seems to play a protective role against HIV-1 infection and 
dissemination (de Jong et al.  2008 ; de Witte et al.  2007 ). In the following sections 
we will discuss HIV-1 recognition by different DC subsets and macrophages via 
CLRs and the importance of these interactions to HIV-1 replication, HIV-1 dissemi-
nation, and in the induction of anti-viral immunity.

2.5        DC Binding of HIV-1 Enhances Infection 
and Transmission 

 DCs are potent antigen presenting cells that rapidly migrate to the lymph nodes 
upon pathogen recognition to activate T cells. Therefore, DCs are thought to play an 
important role in the early events of HIV-1 dissemination by transporting virus from 
the peripheral mucosa to CD4 +  T cell-rich lymph nodes. DCs mediate transmission 
of HIV-1 to CD4 +  T cells via two different mechanisms (Turville et al.  2004 ) 
(Fig.  2.2 ). Within 24 h of exposure to HIV-1, DCs transmit captured virus in the 
absence of productive replication, which is referred to as  in trans -infection (Dong 
et al.  2007 ). Since DCs become infected by HIV-1 (Collins et al.  2000 ; de Jong et al. 
 2010 ; Gringhuis et al.  2010 ; Hladik et al.  2007 ; Hu et al.  2000 ; Spira et al.  1996 ), de 
novo produced viruses can also be transmitted to CD4 +  T cells  in cis  (Dong et al. 
 2007 ), which is more important several days after initial infection. DC-mediated 
infection of CD4 +  lymphocytes is more effi cient than infection by cell-free virus 
(Geijtenbeek et al.  2000 ). DCs carrying infectious virus are detected in draining 
lymph nodes within hours in rhesus macaques exposed to SIV (Hu et al.  2000 ; 
Ribeiro Dos et al.  2011 ; Spira et al.  1996 ), supporting a role in HIV-1 transmission. 
This is further supported by observations in vivo of highly active replication of 
HIV-1 within lymphoid tissue in the presence of DC markers (Frankel et al.  1996 , 
 1997 ; Lambert et al.  2008 ). 

 HIV-1 capture by mucosal DCs is facilitated by the C-type lectin DC-SIGN. 
DC-SIGN binds HIV-1 gp120 through recognition of mannose structures. DC-SIGN 
has a cytoplasmic domain, a transmembrane domain, a neck region, and a 
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  Fig. 2.2    Recognition of HIV-1 through CLR expression by different subtypes of DCs and macro-
phages in mucosal tissues and their role in HIV-1 dissemination. LCs in the mucosa bind HIV-1 
glycans via Langerin, and promote HIV-1 capture and degradation. Submucosal DCs bind HIV-1 
gp120 glycans via DC-SIGN    and DCIR. Submucosal macrophages bind HIV-1 gp120 mostly via 
MR DC-SIGN, DCIR, and MR promote transmission of HIV-1 to CD4 +  T cells by DCs and mac-
rophages, which is referred to as  in trans  transmission. Whereas macrophages mainly facilitate 
spreading to local T cells, DCs migrate to the lymph nodes where HIV-1 can be transmitted to large 
numbers of CD4 +  T cells. DC-SIGN signaling facilitates DC infection. Infected DCs can transmit 
de novo produced virus  in cis  to T cells. Internalization of HIV-1 by macrophages via MR results 
in viral degradation and decreases HIV-1 infectivity. The contribution of DCIR and MR in HIV-1 
infection and  cis  transmission remains elusive. pDCs can bind HIV-1 via BDCA2 but the conse-
quences of HIV-1 binding via this CLR are largely unknown       

 

2 Innate Recognition of HIV-1 Glycans: Implications for Infection…



36

carbohydrate- binding lectin domain. The cytoplasmic domain of DC-SIGN con-
tains motifs involved in receptor internalization and signaling (Azad et al.  2008 ). 
DC-SIGN polymorphisms have been associated with differences in HIV-1 suscepti-
bility (Koizumi et al.  2007 ; Martin et al.  2004 ). Recent data indicate that DC-SIGN 
binding is the molecular basis for HIV-1 infection and transmission by DCs. 
Moreover, recently it was described that the C-type lectin DCIR may also be 
involved in HIV-1 transmission by DCs. 

2.5.1     DC-SIGN Facilitates HIV-1 Transmission 

 Although, some studies suggest that DC-mediated transmission of HIV-1 by DCs 
can occur independently of DC-SIGN (Boggiano et al.  2007 ; Gummuluru et al. 
 2003 ), many studies indicate that DC-mediated  trans -infection of CD4 +  T cells by 
HIV-1 is mainly facilitated via DC-SIGN (Arrighi et al.  2004 ; Cavrois et al.  2007 ; 
Geijtenbeek et al.  2000 ; Kwon et al.  2002 ) (Fig.  2.2 ). 

 As reviewed in Chap.   1    , the composition of glycans on gp120 of different HIV-1 
strains is highly heterogeneous. The particular composition of gp120 between 
 different HIV-1 strains may play a decisive role in DC-SIGN binding and transmis-
sion effi ciency. A recent study showed the importance of the composition of HIV-1 
glycans for DC-SIGN-mediated transmission (van Montfort et al.  2011 ). Virions 
carrying gp120 with higher numbers of oligomannose-type glycans are more 
 effi ciently endocytosed through DC-SIGN and more profi ciently processed for 
antigen presentation than HIV-1 containing gp120 with heterogeneous glycans. 
The transmission of oligomannose-enriched HIV-1 was relatively ineffi cient. 
Thus, the expression of oligomannose by HIV-1 enhances capture    of DC-SIGN 
and transmission, but too much oligomannose negatively affects transmission by 
enhancing viral degradation. 

 Currently, the mode of DC-SIGN-mediated  trans -infection is not completely 
clear. DC-SIGN-bound virions remain infectious for days allowing transmission 
independent of DC infection (Geijtenbeek et al.  2000 ; Kwon et al.  2002 ). It has 
been proposed that primarily surface-bound HIV-1 virions are transmitted by DCs 
and that increased capture at the surface by DC-SIGN is suffi cient to enhance 
transmission to CD4 +  T cells (Cavrois et al.  2007 ). An LL motif in the cytoplasmic 
tail of DC-SIGN facilitates ligand endocytosis by DC-SIGN (Engering et al. 
 2002 ). One study showed that the LL motif in the cytoplasmic tail of DC-SIGN 
does not contribute to HIV-1 transmission by DC-SIGN-expressing cell lines 
(Burleigh et al.  2006 ), indicating that uptake is not required for HIV-1  trans -infec-
tion. In line with these fi ndings, the HIV-1 protein Nef upregulates DC-SIGN 
 surface expression by inhibiting its endocytosis, which results in increased  in 
trans -infection of CD4 +  T cells (Sol-Foulon et al.  2002 ). Moreover, DC-SIGN-
mediated uptake has been associated with degradation of HIV-1 either by targeting 
to the proteasome by DC-SIGN- mediated activation of leukocyte-specifi c protein 
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1 (LSP1), an F-actin-binding protein or by routing into the endosomal pathway, 
which negatively infl uenced HIV-1 transmission (Moris et al.  2004 ; Smith et al. 
 2007 ; van Montfort et al.  2011 ). In contrast, several studies indicate that intracel-
lular vesicular transport is required to intracellular sites of DC-T cell contact, the 
infectious synapses, is required for transmission  in trans  (Kwon et al.  2002 ; 
McDonald et al.  2003 ; Yu et al.  2008 ). At the T cell site of the infectious synapse, 
CD4 molecules and co-receptors are concentrated, resulting in the establishment 
of a microenvironment ideally suited for HIV-1  trans -infection. It has been pro-
posed that DC-SIGN-mediated uptake targets HIV-1 into specifi c compartments 
that do not belong to the classical endosomal pathway, where the virus is protected 
from degradation and antibody recognition (Kwon et al.  2002 ; Yu et al.  2008 ). The 
precise routing of internalized HIV-1 is however not clear. Garcia et al. suggested 
that HIV-1 is internalized into deep intracellular CD81 +  compartments for traffi ck-
ing to the infectious synapse (Garcia et al.  2005 ), whereas Yu et al. proposed that 
HIV-1 is internalized into surface-accessible CD81 +  vesicles, contiguous with the 
plasma membrane (Yu et al.  2008 ). Another suggested pathway is delivery of 
infectious virus to the infectious synapse via intracellular endocytic vesicles 
known as exosomes (Wiley and Gummuluru  2006 ). The infectious synapse resem-
bles the immunological synapse, but it forms independent of antigen presentation 
of MHC–TCR interactions (Piguet and Sattentau  2004 ). Notably, DC-SIGN bind-
ing by HIV-1 has been shown to be important for DC-T cell infectious synapse 
formation and transport of internalized HIV-1 virions to the synapse (Arrighi et al. 
 2004 ; Bennett et al.  2009 ; Hodges et al.  2007 ; Nikolic et al.  2011 ). Within an hour 
of HIV-1 exposure, the membrane of DCs starts to form extensions at the entire 
border of the cell. HIV-1-mediated DC-SIGN signaling leads to activation of Src 
kinases and downstream activation of the small GTPase Cdc42. Cdc42 activation 
enables actin-dependent transport of HIV-1 virions to these extensions (Nikolic 
et al.  2011 ). Additionally, DC-SIGN-mediated activation of the guanine exchange 
factor LARG induces cytoskeleton rearrangements that allow formation of the 
virological synapse (Hodges et al.  2007 ). 

 Collectively, these studies show that HIV-1 utilizes DC-SIGN to enhance trans-
mission to CD4 +  T cells. Notably, DC-SIGN-mediated transmission seems to 
require steps beyond simple binding and sequestration of the virus. DC-SIGN sig-
naling is subverted by HIV-1 to modulate cytoskeleton processes for uptake of HIV- 1, 
intracellular traffi cking, and for the formation of infectious synapses. Although the 
exact mechanisms that underlie DC-SIGN-mediated HIV-1 transmission remains to 
be elucidated, the traffi cking of captured HIV-1 seems to be a crucial step. Factors 
such as glycan composition (van Montfort et al.  2011 ) and activation status of the 
DC (Frank et al.  2002 ; Wang et al.  2007 ) may be important in determining the 
routing of HIV-1 upon DC-SIGN binding. Whereas routing into endosomes and 
proteasome results in degradation of HIV-1 virions, routing of HIV-1 into specifi c 
vesicles preserves viral infectivity and mediate transmission. Further studies of the 
signifi cance of the proposed transmission pathways will benefi t our understanding 
of HIV-1 pathogenesis.  
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2.5.2     DC-SIGN-Mediated Signaling Is Required 
for Infection of DCs 

 DC-SIGN was shown to facilitate infection of DCs by HIV-1, and thereby transmis-
sion of  in cis  to T cells, by enhancing viral attachment and increasing exposure to 
entry receptors (Hijazi et al.  2011 ; Lekkerkerker et al.  2004 ) (Fig.  2.2 ). HIV-1 is 
known to only carry relatively few Env molecules and binds CD4 with relatively 
weak avidity (Fouts et al.  1997 ), and co-expression of DC-SIGN, CD4, and CCR5 
in cell lines results in increased infection with HIV-1 (Lee et al.  2001 ; Trumpfheller 
et al.  2003 ). Importantly, signaling induced via DC-SIGN is required for HIV-1 
replication in DCs (Gringhuis et al.  2010 ). After DNA integration in the host 
genome, HIV-1 depends on host and viral factors for the initiation and elongation of 
its transcription. Host transcription factors such as Sp1 and NF-κB are required to 
initiate HIV-1 transcription by RNA polymerase II (Perkins et al.  1993 ). HIV-1 
uptake by DCs results in recognition of HIV-1 single-stranded RNA (ssRNA) by 
endosomal TLR8. ssRNA-induced TLR8 triggering leads to activation and nuclear 
translocation of NF-κB dimers containing p65 (Gringhuis et al.  2010 ). Induction of 
p65 binding to the long terminal repeat (LTR), the promoter/enhancer of HIV-1, 
results in subsequent recruitment of cyclin-dependent kinase 7 (CDK7) to the LTR. 
CDK7 then mediates phosphorylation of RNA polymerase II on Ser5 within its 
C-terminal domain repeats, a requirement for transcription initiation by RNA poly-
merase II of the integrated HIV-1 genome. However, transcription initiation upon 
TLR8 triggering does not lead to full-length HIV-1 transcripts (Gringhuis et al. 
 2009a ), attenuating de novo synthesis of viral proteins. Full-length HIV-1 transcrip-
tion requires additional DC-SIGN signaling for the recruitment of host transcription- 
elongation factors (Gringhuis et al.  2009a ). The interaction of gp120 with DC-SIGN 
results in phosphorylation of p65 at Ser276 through Raf-1 signaling. Positive tran-
scription elongation factor-β (pTEF-β) is then recruited to Ser276-phophorylated 
p65 bound at the LTR (Gringhuis et al.  2009a ). pTEF-β next phosphorylates RNA 
polymerase II on Ser2 within its C-terminal domain repeats, thereby fully potentiat-
ing RNA polymerase II to induce transcriptional elongation and thus production of 
viral proteins. After generation of Tat protein, Tat is able to recruit pTEF-β to the 
LTR, which provides a positive feedback loop for sustained transcription of HIV-1 
(Gringhuis et al.  2009a ). Notably, other pathogens that can bind to DC-SIGN and 
induce Raf-1 activation, such as mycobacteria and fungi, can further promote HIV-1 
transcription (Gringhuis et al.  2009a ,  2010 ). Indeed, co-infection with  Mycobacterium 
tuberculosis  and  Candida albicans  has been shown to increase HIV-1 replication 
(Lawn  2004 ; Ranjbar et al.  2009 ; Toossi  2003 ). Thus, DC-SIGN is indispensible for 
HIV-1 infection of DC-SIGN +  DCs. HIV-1 not only exploits binding to DC-SIGN 
to increase binding to the entry receptors, but also hijacks TLR8- and DC-SIGN- 
induced signaling for the activation of host factors that are required for replication 
and productive infection. Knowledge on HIV-1 replication in DCs not only provides 
insight on HIV-1 infection and pathogenesis, but can also be valuable for anti-HIV 
treatments. Although HIV-1 replication in DCs is less productive than replication in 
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CD4 +  T cells, infection of DCs may be important virus propagation and dissemina-
tion (Dong et al.  2007 ). Targeting specifi c host signaling involved in early HIV-1 
replication can provide a novel antiviral strategy. Importantly, vaccines containing 
HIV-1 gp120 antigens to stimulate production of antibodies in vivo are being inves-
tigated. However, as observed with co-infections, gp120-induced DC-SIGN signal-
ing may have adverse effects on antiviral effi ciency by enhancing HIV-1 replication 
in DCs and transmission.  

2.5.3     The Role of DCIR in HIV-1 Transmission 

 DC-SIGN is the most studied CLR regarding HIV-1, but other lectins have been 
shown to be important in viral transmission and infection. DCIR is expressed at 
high levels on DCs (Bates et al.  1999 ), and this surface molecule was recently found 
to promote transmission of infectious virus to CD4 +  T cells (Lambert et al.  2008 ) 
(Fig.  2.2 ). DCIR acts as an attachment factor for HIV-1 on DCs and contributes to 
 trans - and  cis -infection pathways (Lambert et al.  2008 ). Currently, it is unknown 
how HIV-1 is bound by DCIR; however, an association between the CRD of DICR 
and gp120 is likely to be responsible for the attachment to HIV-1 (Lambert et al. 
 2008 ,  2011 ). The involvement of the CRD domain of DCIR in virus capture is also 
indicated by reduced HIV-1 binding and transfer in the presence of a polyclonal 
antibody that is specifi c for the single CRD in the extracellular COOH-terminal end 
of DCIR (Lambert et al.  2008 ). 

 DCIR is the only CLR expressed on DCs containing an intracellular immunore-
ceptor tyrosine-based inhibitory motif (ITIM). Recently, it was shown that DCIR- 
induced ITIM-associated signal transduction can enhance HIV-1 infection in 
DCIR-expressing cells (Lambert et al.  2011 ). It is still unclear by what mechanisms 
DCIR signaling enhances HIV-1 infection. The relative contribution of DCIR and 
DCIR-induced signaling during HIV-1 infection remains to be established.   

2.6     A Protective Role of Langerhans Cells Against HIV-1 
Through Langerin Expression 

 LCs are located within the top layers of the oral and anogenital mucosa and are most 
likely the fi rst cells to come into contact with HIV-1 after sexual transmission 
(Fig.  2.2 ). Mucosal LCs express HIV-1 entry receptors and have been identifi ed as 
early cellular targets for HIV-1 (Hladik et al.  2007 ; Hu et al.  2000 ; Patterson et al. 
 2002 ). However, infection of immature LCs is very ineffi cient (de Witte et al.  2007 ; 
Hladik et al.  2007 ). LCs do not express DC-SIGN and bind HIV-1-derived gp120 
mannose glycans predominantly via langerin (de Witte et al.  2007 ; Turville et al. 
 2002 ). In human, langerin is exclusively expressed by LCs (Valladeau et al.  2000 ). 
HIV-1 captured by LCs through langerin is rapidly internalized (de Witte et al.  2007 ; 
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Hladik et al.  2007 ) and directed into intracellular Birbeck granules for degradation 
(de Witte et al.  2007 ) (Fig.  2.3 ). Immature human LCs, which express high levels of 
langerin, do not become infected and also do not transmit HIV-1 to T cells (de Witte 
et al.  2007 ; Fahrbach et al.  2007 ). Blocking langerin by neutralizing antibodies 
enhances transmission of HIV-1 to T cells by LCs (de Witte et al.  2007 ). Thus, 
despite the similarity in gp120 binding, the role of langerin on LCs is very different 
from that of DC-SIGN on DCs (Fig.  2.3 ). This indicates that effi cient binding of 
HIV-1 at the cell surface is not suffi cient per se to enhance transmission and 
infection.

   Upon LC maturation, e.g., through TLR triggering, langerin is downregulated, 
and in line with this observation, activated LCs are more effi ciently infected and 
also transmit HIV-1 to T cells (de Witte et al.  2007 ; Fahrbach et al.  2007 ; Kawamura 
et al.  2001 ) (Fig.  2.3 ). Activation of LCs, and subsequent HIV-1 infection and trans-
mission, can be induced for instance by TLR antagonists or co-infections. Bacteria 
and fungi increase replication and transmission of HIV-1 by matured LCs via induc-
tion of TNF or TLR triggering that lead to LC maturation (de Jong et al.  2008 ). This 
may partly explain the increased risk of HIV-1 infection in persons carrying other 
sexually transmitted diseases. Moreover, Herpes simplex virus-2 infection decreases 
langerin expression and thereby interferes with the protective role of LCs (de Jong 
et al.  2010 ). Although it has been reported that mature LCs can transmit HIV-1 

  Fig. 2.3    LCs and DCs interact differently with HIV-1. DCs bind HIV-1 through DC-SIGN, which 
mediates HIV-1 infection of DCs and facilitates transmission to CD4 +  T cells. LCs interact with 
HIV-1 through langerin but this leads to rapid internalization of the virus into Birbeck granules. 
Langerin interaction with HIV-1 prevents infection and inhibition of HIV-1 transmission to T cells 
and results in HIV-1 degradation. LC activation by TLR agonists decreases langerin expression 
and results in infection of LCs by HIV-1 and consequently enhances HIV-1 transmission to T cells       
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independent of infection (Ballweber et al.  2011 ; de Jong et al.  2008 ; Hladik et al. 
 2007 ), infected LCs are more effi cient in HIV-1 transmission (de Jong et al.  2008 ; 
Kawamura et al.  2001 ). Thus, the protective function of LCs is at least partly medi-
ated by the recognition of langerin with HIV-1 gp120. 

 Langerin contains an intracellular proline-rich signaling motif (Valladeau et al. 
 2000 ) that probably functions as a docking site for signal transduction proteins (Ren 
et al.  1993 ). Association of LSP1 with langerin, similar to DC-SIGN, has been 
reported (Smith et al.  2007 ). However, currently it is unclear whether langerin sig-
naling is involved in HIV-1 infection. 

 Collectively, these fi ndings suggest that langerin expression by LCs constitutes a 
defense mechanism against HIV-1 invasion. However, activation of LCs breaches 
their innate tolerance to HIV-1. Therefore, the protective function of LCs may be 
particularly important during viral infection of healthy epithelium, whereas in trau-
matized or infl amed mucosa both LCs and DC-SIGN +  submucosal DCs can be 
infected and/or transfer HIV-1 to activated CD4 +  T cells. The function of langerin 
needs to be further elucidated in vivo.  

2.7     Recognition of HIV-1 Glycans by pDCs 

 The role of pDCs during HIV-1 infection is controversial. pDCs express CD4, 
CXCR4, and CCR5, and can become infected with HIV-1 (Fong et al.  2002 ; 
Patterson et al.  2001 ; Smed-Sorensen et al.  2005 ). Indeed, HIV-1-infected pDCs can 
be found in the vaginal mucosa during acute and chronic infection (Centlivre et al. 
 2011 ) and can accommodate HIV-1 replication (Reeves et al.  2012 ). However, 
whereas myeloid DCs facilitate HIV-1 transmission and increase infection of CD4 +  
T cells, pDCs were reported to inhibit HIV-1 replication in T cells through secretion 
of large amounts of IFNα in response to the virus (Groot et al.  2006 ; Smed-Sorensen 
et al.  2005 ). Type I IFNs can inhibit replication of HIV-1 by reducing integration 
and reverse transcriptase activity (Hosmalin and Lebon  2006 ). Recent evidence sug-
gests that IFNα production by pDC is a key factor in suppressing viral replication 
during acute infection, but that during chronic infection IFNα actually impairs 
immune functions and contributes to HIV-1 pathogenesis (Campillo-Gimenez et al. 
 2010 ; Mandl et al.  2008 ). 

 Binding of HIV-1 to pDCs was thought to be only mediated by binding to CD4 
(Schmidt et al.  2005 ), but recent studies indicate that HIV-1 is also bound by pDCs 
through interaction of gp120 glycans with BDCA2 (Martinelli et al.  2007 ) (Table  2.1  
and Fig.  2.2 ). BDCA2 is exclusively expressed on human pDCs (Dzionek et al. 
 2000 ). In addition to BDCA2, pDCs also express low levels of MR, which also 
binds to high-mannose oligosaccharides of HIV-1 gp120 (Nguyen and Hildreth 
 2003 ). Currently, it is unknown whether CLR recognition of HIV-1 plays a role in 
HIV-1 replication or transmission, but there are indications that CLR-mediated 
binding of HIV-1 is important for IFNα production by pDCs. The actual induction 
of IFNα production in response to HIV-1 occurs via triggering of endosomal TLR9 
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or TLR7 by internalized virions (Martinelli et al.  2007 ; O’Brien et al.  2011 ). 
Recognition of viral envelopes by MR was shown to be important for HIV-1 inter-
nalization by pDC (Milone and Fitzgerald-Bocarsly  1998 ) and blocking MR inhib-
ited HIV-1-induced IFNα production by pDCs (Milone and Fitzgerald-Bocarsly 
 1998 ), indicating that internalization of HIV-1 via MR is required for TLR trigger-
ing and IFN production. In contrast, although anti-BDCA2 antibodies are rapidly 
internalized by pDCs (Dzionek et al.  2001 ), binding of gp-120 via BDCA-2 was 
shown to suppress IFN-α/β production (Dzionek et al.  2001 ). Recent studies indi-
cate that BDCA-2 induces signaling that interferes with TLR9 activation (Martinelli 
et al.  2007 ). Thus, HIV-1 may hijack recognition via BDCA2 to suppress immunity. 
Several groups have suggested that type I IFN production by blood pDCs is attenu-
ated during both acute and chronic infection (Kamga et al.  2005 ; Sachdeva et al. 
 2008 ), whereas others have indicated that circulating pDCs in patients with HIV 
show a normal or increased type I IFN response (Lehmann et al.  2008 ). Additional 
studies will be necessary to understand the consequences of gp120-glycan recogni-
tion by pDCs during HIV-1 infection.  

2.8     Recognition of HIV-1 by Macrophages Through 
MR and DC-SIGN 

 Macrophages express the receptors required for HIV-1 entry and are susceptible to 
HIV-1 infection (Verani et al.  2005 ). Infected macrophages are detected in the 
female genital tract soon after exposure to HIV-1 (Collins et al.  2000 ). Thus, similar 
to DCs, macrophages in the submucosa can be early cellular targets for HIV-1. The 
main function of macrophages is to trap and degrade invading pathogens (Gordon 
and Taylor  2005 ). Because macrophages do not migrate after activation, their role 
in HIV-1 dissemination is thought to be less prominent than for DCs. However, 
macrophages may play an important role in local HIV-1 dissemination (Meltzer 
et al.  1990 ) (Table  2.1  and Fig.  2.2 ). Macrophages produce cytokines and chemo-
kines that attract T cells and locally interact with activated T cells for regulation of 
adaptive immunity (Gordon  2003 ). It was shown that macrophages can transmit 
newly synthesized virus to CD4 +  T cells (Carr et al.  1999 ; Carter and Ehrlich  2008 ), 
but can also mediate infection of T cells in the absence of de novo virus production 
(Sharova et al.  2005 ). Virus assembly in macrophages occurs in CD81 +  cytoplasmic 
vesicles, which exhibit the characteristics of multivesicular bodies or late endo-
somes. Virions in these cytoplasmic vesicles were shown to retain infectivity for 
time intervals up to 6 weeks (Sharova et al.  2005 ). Notably, HIV-infected macro-
phages are relatively resistant to cytopathic effects of the virus and are thought to 
serve as an important reservoir during chronic infection. 

 Macrophages express high levels of MR and the interaction of HIV-1 glycans 
with this CLR accounts for a large part of the binding capacity (Nguyen and 
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Hildreth  2003 ; Trujillo et al.  2007 ). However, HIV-1 binding to MR does not lead 
to productive infection (Trujillo et al.  2007 ). Recently an alternative internalization 
route of HIV-1 by macrophages was described that leads to productive infection 
(Carter et al.  2011 ). Whether CLRs are involved in this pathway is currently 
unknown. Several studies indicate that MR facilitates HIV-1 transmission by mac-
rophages (Table  2.1  and Fig.  2.2 ). In vitro transmission of HIV-1 by macrophages 
to T cells is reduced upon blocking MR binding (Nguyen and Hildreth  2003 ). No 
transmission was observed beyond 24 h after virus binding by macrophages. Thus, 
unlike HIV-1 binding to DC-SIGN, MR-bound HIV-1 has only a slightly lower 
half-life compared to free virus (Nguyen and Hildreth  2003 ). Rapid internalization 
of HIV-1 by MR and subsequent degradation via the clathrin-dependent lysosomal 
pathway probably accounts for the decrease in viral longevity (Nguyen and 
Hildreth  2003 ). 

 In addition to MR, certain macrophage subsets also express DC-SIGN. DC-SIGN 
expression has been reported on subsets of macrophages in lung and placenta in 
vivo (Gurney et al.  2005 ; Soilleux et al.  2001 ) and on macrophages in breast milk 
(Satomi et al.  2005 ). DC-SIGN expression by macrophages is induced in vitro by 
IL-4 or IL-13 stimulation (Cassol et al.  2013 ; Chehimi et al.  2003 ). This upregula-
tion of DC-SIGN is associated with enhanced HIV-1 infection and transmission of 
virus to CD4 +  T cells by macrophages (Cassol et al.  2013 ), indicating that DC-SIGN +  
macrophages could play an important role in HIV-1 replication and dissemination. 
However, the relative contribution of DC-SIGN −  versus DC-SIGN +  macrophages to 
HIV-1 dissemination in vivo remains unknown. 

 Currently it is unknown whether CLR-induced signaling is involved in HIV-1 
infection and transmission by macrophages. Macrophages transmit HIV-1 across 
virological synapses (Carr et al.  1999 ; Groot et al.  2008 ; Sharova et al.  2005 ) and 
similar to DCs, CLR signaling may be involved in these processes. 

 In conclusion, HIV-1 binding by macrophages through CLRs may play a pivotal 
role in local transmission and propagation of HIV-1. Therefore, therapeutic strate-
gies that interfere with CLR–HIV-1 interactions on macrophages may be clinical 
relevant to prevent persistent HIV-1 infection.  

2.9     The Role of Transmembrane CLRs in Induction 
of Adaptive Immunity Against HIV-1 

 An important function of DCs is linking innate recognition of pathogens with adap-
tive immunity. DCs are the principal initiators of naive and memory T cell responses. 
In addition to their role in HIV-1 infection and transmission, CLRs are involved in 
HIV-1 uptake and antigen presentation by DCs (Fig.  2.1 ). Therefore, in this section 
we will discuss innate HIV-glycan recognition by CLRs in relation to induction of 
specifi c T cell responses. 
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2.9.1     CLRs Involved in HIV-1 Antigen Presentation 

 DCs present HIV-1-derived antigens to both CD4 +  and CD8 +  T cells. During acute 
HIV-1 infection, strong T cell responses against HIV-1 proteins    such as Nef, Tat, 
Vpr, Gag, and Env are observed (Fortis and Poli  2005 ; Granelli-Piperno et al.  2004 ; 
Moris et al.  2004 ). DC-SIGN mediates uptake of HIV-1 by DCs and plays an impor-
tant role in presentation of HIV-1 antigens to T cells. The majority of virions inter-
nalized via DC-SIGN are routed into the endosomal pathway for antigen presentation 
(Moris et al.  2006 ). In the endosomes, pathogens are processed and loaded onto 
MHC-II molecules for presentation to CD4 +  T cells (Moris et al.  2006 ). It was shown 
that blocking DC-SIGN leads to a reduction of HIV-1-specifi c CD4 +  T cell activa-
tion. DCs can also crosspresent internalized HIV-1 particles to CD8 +  T cells 
(Buseyne et al.  2001 ); expression of DC-SIGN has been shown to enhance MHC-I-
mediated HIV-1 presentation, probably by facilitating uptake (Moris et al.  2004 ). 
Activation of HIV-1-specifi c CD8 +  T cells was shown to be dependent on protea-
some-dependent processing (Moris et al.  2004 ). As mentioned above, DC-SIGN-
mediated activation of LSP1 targets internalized HIV-1 to the proteasome (Smith 
et al.  2007 ), which may therefore be essential for CD8 +  T cell activation. These 
studies show that capture of HIV-1 through DC-SIGN is important for the induction 
of adaptive immunity against the virus. Other CLRs, such as MR, have also been 
suggested to be involved in HIV-1 internalization and targeting into endosomes 
(Turville et al.  2004 ), and may also play a role in antigen presentation of HIV-1. 

 Little is known about the induction of cytokines and T cell responses by LCs 
after interaction with HIV-1. It is not known whether LCs are able to present HIV-1 
antigens to CD4 +  T cells, or crosspresent HIV-1 antigens to CD8 +  T cells. For mea-
sles virus, it has been shown that LCs effi ciently process captured virus for MHC 
class II presentation to CD4 +  T cells, but virus uptake does not lead to crosspresen-
tation (van der Vlist et al.  2011 ). These data suggest that internalization pathways 
might dictate the ability of antigen presentation by different DC subsets.  

2.9.2     Modulation of Cytokine Production by DC-SIGN 

 T cell polarization by DCs is a hallmark of adaptive immunity and is required for 
effective eradication of distinct pathogens. The type of T cell responses induced 
by DCs is determined by the expression of cell surface molecules and by the 
cytokine profi le expressed upon activation by inducible gene expression (de Jong 
et al.  2002 ; Kapsenberg  2003 ). As explained above, DC-SIGN cannot induce 
gene expression by itself. However, DC-SIGN facilitates recognition of HIV-1 by 
other PRRs. DC-SIGN-mediated HIV-1 uptake results in degradation of HIV-1 
and subsequent recognition of HIV-1 single-stranded RNA (ssRNA) by endo-
somal TLR8. ssRNA- induced TLR8 triggering leads to activation and nuclear 
translocation of NF-κB dimers containing p65 (Gringhuis et al.  2010 ). In addition 
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DC-SIGN-mediated HIV-1 replication results in the production of molecules that 
can be detected by cytoplasmic PRRs including viral DNA by RIG-1 (Solis et al. 
 2011 ) and retroviral capsid by tripartite motif containing protein 5α (TRIM5α) 
(Stremlau et al.  2006 ). However, the extent to which recognition of these HIV-1-
derived products induce DC activation is controversial. Upon HIV-1 infection of 
DCs, co-stimulatory molecules are only modestly upregulated (Granelli-Piperno 
et al.  2004 ; Lore et al.  2002 ). Other reports suggest that HIV-1 replication in 
myeloid DCs stimulates partial maturation and migration, which may enhance 
the transport and subsequent transfer of HIV-1 to CD4 +  T cells in the submucosa 
or lymph nodes (Harman et al.  2006 ). 

 Importantly, DC-SIGN binding by HIV-1 can shape TLR-induced immune 
responses (Gringhuis et al.  2009a ). Signaling by DC-SIGN alone does not lead to 
NF-κB translocation into the nucleus, but enhances activation of certain NF-κB 
subunits via posttranslational modifi cations (Gringhuis et al.  2009a ). Mannose- 
induced DC-SIGN signaling activates the serine/threonine protein kinase Raf-1 
which induces phosphorylation of NF-κB subunit p65 at Ser276 (Gringhuis et al. 
 2007 ). This allows subsequent acetylation of p65 at different lysine residues 
(Gringhuis et al.  2007 ,  2009a ). Acetylation of p65 prolongs and increases transcrip-
tional activity of p65 as well as nuclear localization, which enhances transcription 
of pro-infl ammatory cytokines such as IL-6 and IL-12. Thus, DC-SIGN triggering 
modifi es signaling induced by other PRRs such as TLRs, which enhances produc-
tion of specifi c cytokines (Gringhuis et al.  2009a ). These data suggest that HIV-1 
glycan recognition via DC-SIGN affects T cell polarization. However, the effects on 
adaptive immunity in vivo remain largely unknown. Enhancement of IL-12 and 
IL-6 may result in the induction of T helper 1 cells. However, reduced DC matura-
tion and release of anti-infl ammatory cytokine IL-10 during HIV-1 infection may 
dampen the induction of effective immunity and render DCs more prone for induc-
tion of regulatory T cells (van der Aar et al.  2011 ). Indeed, co-culturing in vitro of 
infected DCs with autologous T cells has been associated with the induction of T 
cells that produce high amounts of IL-10 (Granelli-Piperno et al.  2004 ). 

 Currently it is unclear whether specifi c T cell polarization by HIV-1-derived gly-
cans is benefi cial for the host or virus. A better understanding of the implications of 
HIV-1-induced polarization of T cells in the progression of HIV-1 infection would 
be instrumental in the development of antiviral vaccines.   

2.10     HIV-1 Glycan Interaction with Soluble Lectins 

 In addition to the cellular C-type lectins discussed above, soluble lectins present in 
blood and tissue can also recognize carbohydrate structures. Several collectins and 
galectin-1 have recently been suggested to directly bind to gp120 with different 
functional results (Table  2.1 ). In this section we discuss recognition of gp120 by 
these soluble lectins. 
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2.10.1     HIV-Glycan Binding by Collectins 

 Collectins are part of the C-type lectin family and consist of collagen-like domain 
and one Ca 2+ -dependent carbohydrate-binding domain (Litvack and Palaniyar 
 2010 ). Through the formation of a trimeric unit and additional oligomerization, col-
lectins have a high avidity for repeated carbohydrate structures (Litvack and 
Palaniyar  2010 ). Several members of the collectin family bind to mannosylated 
carbohydrates present on HIV-1 gp120 envelope protein, including mannose- 
binding lectin (MBL), surfactant protein D, and surfactant protein A (Ezekowitz 
et al.  1989 ; Gaiha et al.  2008 ; Hart et al.  2002 ,  2003 ; Meschi et al.  2005 ; Saifuddin 
et al.  2000 ). 

 MBL is primarily synthesized by the liver and secreted into the blood, and medi-
ates several innate immune functions including opsonization of microbes, internal-
ization of microbes through interaction with collagen receptors on phagocytic cells, 
initiation of the lectin complement pathway, and direct neutralization (Jack and 
Turner  2003 ). Several studies have clearly shown that effi ciently MBL binds various 
HIV-1 strains via high mannose carbohydrates on gp120 (Hart et al.  2002 ). HIV-1 
particles that lack gp120 do not bind MBL, supporting that gp120 mediates the 
interaction between whole virus and MBL (Saifuddin et al.  2000 ). 

 MBL was reported to neutralize a cell line-adapted HIV-1 strain at concentra-
tions found in serum of most donors (Ezekowitz et al.  1989 ). However, later studies 
showed that MBL only mediates low levels of neutralization (<20 %) of infection in 
peripheral blood monocytes by primary HIV-1 isolates and cell line-adapted HIV-1 
(Hart et al.  2003 ; Ying et al.  2004 ). Although these studies suggest that MBL does 
not effi ciently neutralize HIV-1 in vivo, it may mediate other important antiviral 
functions. In contrast to its low neutralization activity, MBL effi ciently opsonizes 
HIV-1 for uptake by monocytic cells (Ying et al.  2004 ), which may consequently 
affect virus eradication as well as antigen processing and presentation of HIV-1 
antigens to T cells by DCs. In addition, MBL inhibits DC-mediated transmission of 
HIV to T cells by blocking the interaction between HIV and DC-SIGN in vitro 
(Spear et al.  2003 ). As explained above, the interaction between HIV-1 and DCs can 
facilitate dissemination of virus from peripheral sites to lymphoid tissues. Therefore, 
blocking the interaction between HIV and DC-SIGN by MBL may be benefi cial for 
the host. 

 The level of serum MBL increases during the acute phase of HIV-1 infection 
(Thiel et al.  1992 ), however, the functional consequences of increased MBL activity 
during HIV-1 infection remain to be elucidated. The level of MBL in human sera 
varies due to polymorphic variations in the coding or promoter sequences of the 
protein. Several studies indicate that there is an association between low levels of 
MBL and an increased susceptibility to HIV infection (Boniotto et al.  2000 ; Garred 
et al.  1997 ; Pastinen et al.  1998 ). Whether low levels of MBL are associated with 
higher rates of disease progression or mortality after infection is unclear (Garred 
et al.  1997 ; McBride et al.  1998 ). Further studies are needed to defi ne the in vivo 
contribution of MBL to clearance and destruction of HIV-1. 

A.M.G. van der Aar et al.



47

 Recently, the surfactant protein D and surfactant protein A were also shown to 
effi ciently bind the mannose structures of HIV-1 gp120 (Gaiha et al.  2008 ; Madsen 
et al.  2013 ; Meschi et al.  2005 ). Importantly, both surfactant protein A and D are 
present at HIV-1 entry sites, including in vaginal fl uid, the genitourinary tract, the 
oral cavity, and the gastrointestinal tract (Madsen et al.  2000 ). The presence of 
these surfactant proteins at these important sites for HIV entry and their capacity to 
bind HIV-1 suggests that they play an immunological role during HIV-1 infec-
tions in vivo. In contrast to MBL, surfactant protein A and D effi ciently neutralize 
HIV-1 in vitro and effectively inhibit direct infection of CD4 +  cells (Gaiha et al. 
 2008 ; Madsen et al.  2013 ; Meschi et al.  2005 ). Surfactant proteins are known to 
mediate opsonization and phagocytosis of pathogens by innate cells (Wright  2005 ). 
Both surfactant protein A and D enhance binding of HIV-1 to DCs and DC-mediated 
transfer of HIV-1 to T cells (Gaiha et al.  2008 ; Madsen et al.  2013 ; Meschi et al. 
 2005 ). The role of the surfactant proteins in HIV-1 internalization and antigen 
presentation by DCs has not yet been investigated. 

 In conclusion, these studies indicate that soluble CLRs, similar to transmem-
brane CLRs, collectins may have multifaceted effects during HIV-1 infection. 
However, the impact of HIV-1 recognition by collectins in vivo and the possible use 
as therapeutic agents need to be further investigated.  

2.10.2     HIV-Glycan Binding by Galectin-1 

 Another receptor involved in HIV-1-glycan recognition is galectin-1. Galectin-1 is 
not a CLR, but is a member of the galectin family. Galectins are synthesized and 
stored in the cytoplasmic compartment and are either passively released by dying 
cells or actively secreted by infl ammatory activated cells upon pathogen-driven acti-
vation (Hughes  1999 ). The galectin family is defi ned by conserved peptide sequence 
elements in the CRD consisting of approximately130 amino acids (Barondes et al. 
 1994 ) and recognize a galactose residue linked to an adjacent carbohydrate in the β 
confi guration (called β-galactoside) (Barondes et al.  1994 ; Rabinovich et al.  2002 ). 
β-galactosides are often found in N-linked “complex glycans,” which are also pres-
ent on the HIV-1 envelope protein. Only galectin-1 (out of 15 galectins discovered 
so far) has been reported to bind to HIV-1 particles. This binding can be inhibited 
by the β-galactoside containing lactose, but not by mannose, suggesting that galec-
tin- 1 recognizes HIV-1 through β-galactoside residues expressed on the envelope 
proteins (Mercier et al.  2008 ; Ouellet et al.  2005 ; St-Pierre et al.  2011 ). In vitro, 
galectin-1 enhances HIV-1 binding to CD4 +  susceptible cells and promotes infec-
tion of various HIV-1 variants (Mercier et al.  2008 ; Ouellet et al.  2005 ; St-Pierre 
et al.  2011 ). Recent studies indicate that the CD4 glycoprotein is one of the host 
ligands of galectin-1 and that galecin-1 facilitates HIV-1 infection through direct 
cross-linking of gp120 and CD4 (St-Pierre et al.  2011 ). Moreover, galectin-1 also 
increases HIV-1 infectivity in macrophages, most likely by facilitating capture and 
HIV-1 entry (Mercier et al.  2008 ). These studies indicate that recognition of 
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complex glycans by galectins is exploited by HIV-1 to facilitate transmission or 
replication of HIV-1. Galectin-1 is expressed by many different cells including gut-
associated lymphoid tissue (GALT), endothelial cells, activated T cells, macro-
phages, and by follicular DCs in the lymphoid tissues (Baum et al.  1995 ; Blaser 
et al.  1998 ; Ouellet et al.  2005 ; Rabinovich et al.  1996 ,  2002 ). Thus, in vivo galec-
tin- 1 is present at important sites for HIV-1 transmission and replication and may 
play an important role during HIV-1 infection.   

2.11     Future Directions and Concluding Remarks 

 Glycan recognition plays a pivotal role in innate recognition of HIV-1 by different 
immune cells. DCs and macrophages express various CLRs that recognize carbohy-
drate structures expressed by gp120. The extent and diversity of glycosylation of the 
envelope protein gp120 allows recognition by various CLRs on different subtypes 
of DCs and macrophages (Table  2.1  and Fig.  2.2 ). In this review, we have discussed 
the distinct roles of DC-SIGN, langerin, DCIR, BDCA2, MR, and soluble lectins 
during HIV-1 infection. CLRs such DC-SIGN and MR facilitate HIV-1 uptake and 
are involved in antigen presentation and the activation of T cell responses against 
HIV-1. Although CLR-mediated recognition is required for the induction of appro-
priate immune responses, HIV-1 has evolved to exploit CLR-mediated recognition 
to promote infection and transmission. It is clear that the outcome of HIV–CLR 
interactions is dependent on the cells and the CLRs involved (Table  2.1 , Figs.  2.2  
and  2.3 ). Whereas langerin on LCs has a protective function, DC-SIGN, MR, and 
DCIR on DCs and macrophages enhance HIV-1 infection and transmission, indicat-
ing that the integrity of the mucosa, and thereby the type of cell that is encountered 
will have a major impact on the fi nal outcome of HIV-1 infection. 

 DCs and macrophages appear to play an important role in HIV-1 dissemination. 
However, their exact role in the onset of HIV-1 infection remains unclear. As 
explained above, DCs and macrophages reside in the tissues where HIV-1 enters the 
body and are proposed as the initial target cells for HIV-1 that mediate viral propa-
gation and transfer of the virus to CD4 +  T cells in the draining lymph nodes. Indeed, 
infected macrophages and DCs can be observed soon after exposure to HIV-1 
(Collins et al.  2000 ; Hladik et al.  2007 ; Hu et al.  2000 ; Spira et al.  1996 ). However, 
in contrast to the traditional view of HIV-1 infection, characterized by a slow decline 
of CD4 +  T cells from circulation, recent studies indicate that extensive infection and 
removal of local CD4 +  T cells in GALT occurs within the fi rst month of infection 
(Haase  2010 ), indicating that CD4 +  T cells may be the initial cell type infected at the 
portal of entry. On the other hand, recent studies indicate that during sexual trans-
mission only few HIV-1 particles penetrate across genital epithelial layers to reach 
the mucosa-associated lymphoid tissues and the GALT that are rich in HIV-1- 
susceptible CD4 +  T cells (Haase  2010 ). HIV-1 particles that penetrate genital epi-
thelia have to interact rapidly with susceptible cells or with cells expressing 
alternative receptors, since cell-free HIV-1 virions become inactive in a relatively 
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short period of time (Haase  2010 ). Thus, viral attachment is a rate-limiting step 
during virus entry. Therefore, binding of HIV-1 to DCs and macrophages in the 
mucosa through CLRs may be essential for crossing the epithelial layer. In accor-
dance to this, cell-free HIV-1 does not effi ciently pass genital epithelial cells 
(Bobardt et al.  2007 ; Steinman et al.  2003 ), and evidence suggests that more-effi -
cient binding of envelope gp120 to DC-SIGN is correlated to enhanced mucosal 
transmissibility of HIV-1 (Lue et al.  2002 ). Further investigation in vivo will be 
necessary to elucidate the exact role of DCs and macrophages at the early stages of 
HIV-1 infection. 

 The interaction of HIV-1 with CLRs is an attractive potential target for the design 
of therapeutic agents. Carbohydrate-binding agents or lectins that bind to mannose- 
rich glycans can reduce or even abrogate HIV-1 transmission and infection 
(Alexandre et al.  2012 ; Anderluh et al.  2012 ). Structural mimics of mannose-based 
oligo- and polysaccharides have been designed and proved to inhibit HIV-1 CLR 
interactions (Anderluh et al.  2012 ). Various lectins isolated from plants or prokary-
otes have been shown to be effi cient inhibitors of DC-SIGN-mediated transfer of 
HIV-1 to PBMC (Alexandre et al.  2012 ). As such, these lectins may be useful in 
blocking early events in HIV-1 transmission in mucosal tissues. The application of 
lectins as therapeutic agents is further discussed in detail by Koharudin and 
Gronenborn in Chap.   7    . 

 DC-SIGN-based bifunctional proteins may also be useful to prevent infection by 
blocking virus entry into the host target cells and block virus transmission from 
virus-infected cells to non-infected cells. CD4-DC-SIGN fusion proteins were 
reported to have enhanced avidity to gp120 and effi ciently inhibited HIV-1 infection 
 in trans  via a DC-SIGN-expressing cell line and primary human DCs in vitro (Du 
et al.  2012 ). Given that DC-SIGN binding to gp120 increases exposure of the CD4- 
binding site and that the soluble forms of CD4 and DC-SIGN occur in vivo, further 
improvement of these fusion proteins may render them potentially useful in antivi-
ral therapeutics. 

 Since some mannose-binding CLRs can have a protective function during HIV-1 
infection, selective CLR targeting may be preferable. Because of its well- investigated 
effects on HIV-1 replication and transmission, DC-SIGN is currently the main CLR 
of interest in the design of therapeutic agents against HIV-1. In vitro studies have 
demonstrated that DC-SIGN antagonists block effectively the transmission of 
HIV-1 infection (Anderluh et al.  2012 ). Recently, multivalent dendrimeric com-
pounds based on Lewis-type antigens that bind DC-SIGN with high selectivity and 
avidity have been designed (Garcia-Vallejo et al.  2013 ). These compounds effec-
tively blocked gp120 binding to DC-SIGN and, consequently, HIV transmission to 
CD4 +  T cells (Garcia-Vallejo et al.  2013 ). Thus, Lewis-type glycodendrimers could 
be a new therapeutic agent for the prevention of HIV-1 transmission. In addition to 
DC-SIGN, galectin-1 also facilitates HIV-1 replication and transmission. Several 
highly specifi c galectin-1 antagonists have been developed, which may also be a 
new class of therapeutic agents against HIV-1 (St-Pierre et al.  2012 ). 

 Although therapeutic agents that inhibit lectin–HIV-1 interactions are promising, 
their use has not been validated in vivo yet. The role of CLRs in the induction of 
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adaptive immunity against HIV-1 should be taken into consideration during the 
development of new therapeutic strategies. CLRs such as DC-SIGN and MR are 
crucial for antigen uptake, presentation, and T cell activation. It should therefore be 
carefully monitored whether agents that prevent lectin binding of HIV-1 do not 
compromise our natural defence system. 

 Another therapeutic approach is the induction of effi cient anti-HIV T cell 
responses to promote HIV-1 eradication by targeting HIV-1 antigens to specifi c 
CLRs. For instance, targeting antigens to DEC205 has been shown to greatly facili-
tate antigen presentation (Bonifaz et al.  2004 ). Moreover, currently it remains 
largely unknown how HIV-1-induced cytokine profi les infl uence immunity and 
pathogenesis. Specifi c T cell skewing by using adjuvants and triggering specifi c 
receptors could be benefi cial in the treatment HIV-1 infection. 

 In conclusion, over the past decades much progress has been made in identifying 
CLRs on innate immune cells that bind HIV-1 glycans and on obtaining knowledge 
about their role during HIV-1 infection. Elucidating in more detail the cellular 
effects of HIV-1 interactions with CLRs and the consequences for HIV-1 replication 
and immunity will contribute to a better understanding of HIV-1 pathogenesis and 
more effi cient strategies for HIV-1 eradication.  
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    Abstract     The HIV envelope glycoproteins are critical targets for the host immune 
system in its fi ght against the virus. In addition to being renowned for their antigenic 
and genetic variation, they are among the most heavily glycosylated antigens found 
on human viruses. This chapter reviews our current knowledge about the role of 
HIV glycosylation in shaping antibody and T-cell responses. We discuss the impor-
tance of N-glycans in modulating HIV envelope glycoprotein recognition by anti-
bodies and the elicitation of antibody responses against these antigens. We also 
highlight the impact of N-glycans on CD8 and CD4 T-cell recognition of the virus. 
However, much more research is needed to understand how the numerous glycans 
on the HIV envelope glycoproteins exert their infl uence on the host immune system 
and how the host can mount effective immune responses against envelope antigens 
shrouded by these glycans. Such information would be crucial in guiding the search 
for more effective prophylactic and therapeutic modalities required to conquer the 
HIV epidemic.  
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3.1         HIV Envelope Glycosylation 

 The HIV envelope glycoprotein spike is among the most glycosylated viral proteins 
known to date. Glycans account for as much as half of the molecular weight of its 
gp120 surface subunit, which, depending on the virus strains, has 20–30 N-linked 
glycans (N-glycans) scattered across the entire molecule. The transmembrane sub-
unit gp41 is also glycosylated but has only 4–5 potential N-glycosylation sites in the 
extracellular located immunodominant disulfi de-bonded loop and the so-called hep-
tad repeat 2 region (Johnson et al.  2001 ). The diagrams depicting the distribution of 
potential N-glycosylation sites and the types of glycans that have been identifi ed at 
each site for the HIV-1 envelope glycoprotein of the HXB2 reference strain are 
shown in Fig.  3.1 . The conventional HXB2-based amino acid numbering system is 
used throughout this article.

   The HIV envelope glycoproteins are initially synthesized as a precursor gp160 
molecule, which oligomerizes into a trimer and is cleaved into the two subunits 
gp120 and gp41 by the host cellular protease furin during its transport through 
the trans-Golgi network (Vollenweider et al.  1996 ; Brakch et al.  1995 ). The 
gp120 and gp41 subunits, although not covalently linked, remain associated as 
heterotrimeric spikes on the virus surface. Both subunits are essential for virus 
infectivity: gp120 has the binding sites for CD4 and the co-receptor, CCR5 or 
CXCR4 (Lifson et al.  1986 ; Feng et al.  1996 ; Deng et al.  1996 ; Dragic et al. 
 1996 ), while gp41 contains a fusion peptide, heptad repeats with trimerization 
and fusion functions, transmembrane- spanning region, and a long cytoplasmic 
tail (Bosch et al.  1989 ; Freed et al.  1990 ). During the initial stage of virus infec-
tion, gp120 mediates virus attachment to CD4 and undergoes a conformational 
change that enables co-receptor engagement. This interaction leads the gp41 sub-
unit to unfold and insert its fusion peptide to the target cell membrane. The fold-
ing of heptad repeat pairs from the gp41 subunits in the trimeric spike into a 
six-helix bundle allows fusion of the virus membrane to the cell membrane to 
initiate virus entry into cells. 

 The glycans decorating gp120 and gp41 comprise a mixture of high mannose, 
hybrid, and complex type N-glycans (Doores et al.  2010a ; Bonomelli et al.  2011 ; 
Go et al.  2013 ) but some O-linked glycans are also present (Bernstein et al.  1994 ; 
Huang et al.  1997 ). The sugar composition at each N-glycosylation site depends on 
the virus strains and the types of cells that produced the virus, a feature that is 
discussed in more detail in Chap.   1    . Here, we discuss the role of N-glycans in 
infl uencing antigenicity and immunogenicity of the HIV envelope spike. We fi rst 
highlight the contribution of N-glycans in determining the recognition of HIV 
envelope glycoprotein epitopes by already generated monoclonal antibodies 
(mAbs). Second, we discuss the importance of N-glycans in eliciting de novo anti-
body responses to specifi c envelope epitopes considered desired targets for anti-
body-based vaccines. The last section will present the available but limited 
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  Fig. 3.1    N-glycans associated with the HIV envelope glycoprotein. The HIV gp120 and gp41 sub-
units associate non-covalently as heterotrimeric spikes on the virus surface. ( a ) The HIV gp120 sub-
unit comprises fi ve relatively variable regions (V1, V2, V3, V4, and V5; denoted by  blue ,  purple ,  red , 
 yellow,  and  cyan ) and fi ve relatively conserved regions (C1, C2, C3, C4, and C5) (modifi ed from 
Zolla-Pazner  2004 ). The binding sites for CD4 and the chemokine receptors are noncontiguous (high-
lighted in  brown  and  green , respectively) in the linear gp120 sequence. On average, about 25 
N-glycans are associated with each gp120 molecule. The glycans are heterogeneous consisting of 
high mannose, hybrid, and complex types and are scattered from the N-terminal C1 region to the V5 
region near the C-terminus. ( b ) The gp41 subunit is also glycosylated but contains fewer N-glycans 
than gp120. gp41 contains the fusion peptide at the N terminus, a conserved C–C loop, a pair of hep-
tad repeats, a transmembrane anchor, and a long cytoplasmic tail. The immunogenic epitope clusters 
I and II are highlighted in  blue  and  pink , respectively, and the membrane-proximal epitope region 
(MPER) are highlighted in  light green  (modifi ed from Zolla- Pazner  2004 ). The cytoplasmic tail is not 
shown. ( c ) The three-dimensional structure of gp120 resolved by X-ray crystallography (modifi ed 
from Wyatt et al.  1998 ; Kwong et al.  2011 ). Only structures of HIV-1 gp120 liganded with CD4 and/
or mAbs have been determined to date. Shown is the structure of the gp120 core with the V3 loop. 
The gp120 surface that contacts CD4 ( yellow ) and the CD4bs mAbs F105, b12, and b13 ( blue ,  red,  
and  purple , respectively) is devoid of N-glycans but surrounded by many glycans ( cyan ). Most of the 
N-glycans cover a large surface area designated as the “silent” face of gp120. ( d ) The native trimeric 
envelope spike as seen by cryoEM tomography with gp120 molecules modeled into the trimer 
(adapted and modifi ed from Kwong et al.  2011 ). N-glycans emanate from the “silent” outer surface 
of each gp120 subunit, shrouding the vast surface of the envelope spike       
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information about the effects of N-glycans on CD8 and CD4 T-cell recognition of 
the HIV spike, including their impact on antigen processing and presentation for 
these T-cell subsets.  

3.2     N-Glycans as Determinants of Antibody Recognition 

 Glycosylation can impact the recognition of antibody epitopes by different means. 
Here, we discuss three distinct roles that N-glycans may play in infl uencing the 
presentation or exposure of specifi c antibody epitopes on the HIV envelope spike. 
The schematic diagrams illustrating these distinct modes are presented in Fig.  3.2 . 
O-glycans also are important for antibody recognition and epitope shielding. Indeed, 
antibodies targeting O-glycans on bovine herpes virus 4 (BHV4) and tumor anti-
gens such as MUC1 and Tn antigen have been described in recent years (Machiels 
et al.  2011 ; Seko et al.  2012 ; Brooks et al.  2010 ), and the O-glycans on the BHV4 
gp180 antigen and the Ebola virus glycoprotein participate in shielding epitopes 
from antibody recognition (Francica et al.  2010 ; Machiels et al.  2011 ). In context of 
HIV, very limited data are available. For example, inhibitory mAbs against 
O-glycans on HIV gp120 were reported only in a single paper (Hansen et al.  1992 ). 
Our discussion therefore focuses primarily on N-glycans.

3.2.1       Glycans That Form Part of Antibody Epitopes 

 Until recently, N-glycans decorating the surface of the HIV envelope glycoproteins 
were thought to be immunologically silent, meaning largely ignored by the immune 

  Fig. 3.2    N-glycans as determinants of antibody epitopes. N-glycans play distinct roles in deter-
mining recognition of epitopes by antibodies. Antibody epitopes are shown in  pink . ( a ) N-glycans 
can be parts of the epitopes themselves as those recognized by mAbs 2G12, PG9, PG16, and PGTs. 
( b ) N-glycans can shield epitopes from antibody recognition. Epitopes shielded by N-glycans 
include neutralizing epitopes in the V3 loop and the CD4bs. ( c ) N-glycans may also shape the 
conformation of antibody epitopes. Conformational epitopes in the CD4bs and the V2 loop of 
gp120 may depend on intact N-glycans on gp120 to maintain proper folding or structures recogniz-
able by specifi c antibodies       
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system during natural infection or after immunization with HIV glycoprotein anti-
gens. In the two decades after the discovery of HIV, only a single mAb, 2G12, was 
reported that recognizes a cluster of oligomannose-type sugar on N-glycans. 2G12 
binding is critically dependent on high mannose-type oligosaccharides at positions 
N295, N332, and N392 but its binding is infl uenced also by the presence of glycans 
at positions N339, N386, and N448 (Calarese et al.  2003 ; Sanders et al.  2002 ; 
Scanlan et al.  2003 ). 2G12 has a potent and broad virus-neutralizing activity, but it 
also has a unique Fab structure as a result of unusual V H  domain exchange that 
enables high affi nity interaction solely with the terminal disaccharide Manα1–2Man 
moieties of the oligosaccharide Man 9 GlcNAc 2 , with little or no interaction with the 
gp120 polypeptide backbone (Calarese et al.  2003 ). The sugar compositions of the 
three N-glycan types that are normally produced in mammalian cells (high man-
nose, hybrid, and complex) are shown schematically in Fig.  3.3 , along with the 
enzymatic processes involved in generating these N-glycan types and the inhibitors 
known to target the different enzymes.

   In 2009, a breakthrough publication by Walker et al. ( 2009 ) revealed the pres-
ence of a distinct family of antibodies with greater neutralizing potency and breadth 
that recognize epitopes containing N-glycans. Two mAbs, PG9 and PG16, which 
represent this antibody family, were selected from ~30,000 activated memory B 
cells of one HIV-1 clade A-infected individual. These mAbs preferentially bind to 
HIV envelope glycoprotein trimers, although PG9 can also bind recombinant gp120 
monomers of some virus strains. Initial epitope mapping of these mAbs indicated 
involvement of amino acid residues in the V1, V2, and V3 loops of gp120 (Walker 
et al.  2009 ). When the crystal structure of PG9 in complex with the V1V2-scaffolded 
ligand was resolved, it was apparent that, unlike 2G12, PG9 made signifi cant con-
tacts not only with glycans (at positions 160 and 156 or 173), but also with a β-strand 
structure of the V1V2 polypeptide (McLellan et al.  2011 ). PG9 also requires a 
Man 5 GlcNAc 2  glycan at residue 160 and does not tolerate a larger glycan like 
Man 9 GlcNAc 2  recognized by 2G12. Interestingly, the mAb 2909 that targets a dis-
tinct variant of the same epitope was isolated earlier in 2005 by Gorny et al. ( 2005 ). 
Several mAbs isolated from rhesus macaques infected with SHIV (SF162P4) also 
have epitopes overlapping with that of 2909 (Robinson et al.  2010 ; Spurrier et al. 
 2011 ; Krachmarov et al.  2011 ). The exact nature and composition of the 2909 epit-
ope are not yet known, but 2909 requires a Lys at position 160 in the V2 region of 
gp120 for high affi nity binding (Wu et al.  2011 ). The rarity of Lys at this position, 
which is typically Asn and forms a glycosylation site, means that antibody 2909 is 
very restricted in its breadth of neutralization. 

 The isolation of PG9 and PG16 was followed shortly by the discovery of the so- 
called PGT series of mAbs that display even more potent neutralizing activities 
against a large array of HIV-1 isolates from various clades (Walker et al.  2011a ). 
Similar to 2G12, most of these mAbs recognize predominantly high-mannose type 
glycans moieties, typically Man 8  or Man 9 , at conserved glycosylation sites on 
gp120. Crystal structures of two representative mAbs, PGT127 and PGT128, 
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revealed that these antibodies indeed make direct contact with the terminal mannose 
on N-glycan at position 332 as well as the N-glycan moieties at position 301 and a 
short β-strand segment of the gp120 V3 loop (Pejchal et al.  2011 ). PGT121 is also 
dependent on N-glycan at position 332, but because of its mode of interaction is 
able to tolerate complex-type as well as high mannose-type N-glycans (Mouquet 
et al.  2012 ). For a detailed review of the molecular interaction of the 2G12, PG and 
PGT antibodies with their cognate epitopes the reader is referred to Chap.   5    . 

 One lesson to learn from the glycan-targeting antibodies described above is that 
broadly neutralizing epitopes include N-glycans in the regions that have been 
thought to be either too immunologically silent or too variable for consideration as 
viable targets for antibodies to be raised with effective HIV vaccines. Nevertheless, 
the three categories of antibodies identifi ed thus far are likely to constitute only a small 
subset of HIV glycoprotein-specifi c antibodies that target N-glycans as parts of their 

  Fig. 3.3    Schematic of the mammalian N-glycosylation pathway. The N-glycosylation process 
starts in the ER with transfer of Glc 3 Man 9 GlcNAc 2  to an N residue on a newly synthesized protein. 
After step-wise trimming with enzymes like glucosidase I and II and ER-mannosidase I, the pro-
tein carries Man 9 GlcNAc 2  or Man 8 GlcNAc 2  and undergoes further oligosaccharide trimming by 
Golgi-mannosidase I to form Man 5 GlcNAc 2 . This simplest high-mannose type glycan is subject to 
extensive diversifi cation in the Golgi to produce various glycoforms. The pathways traversed by 
individual glycans are variable depending on spatial locations, enzyme and substrate specifi cities, 
and site accessibility. The HIV envelope glycoprotein is decorated with heterogeneous glycoforms 
of high-mannose, hybrid, and complex types. Hybrid structures are those with terminal mannose 
residues unsubstituted and substituted with GlcNAc linkage. Complex N-glycans have both the 
α3- and α6-linked mannose residues substituted with GlcNAc moieties. N-glycans of the hybrid 
and complex type are also fucosylated, and may exist with two or more GlcNAc-bearing branches 
(antennae). Hybrid and complex N-glycans are extremely diverse, and only representative exam-
ples are shown here. This schematic also shows the specifi c steps and enzymes targeted by inhibi-
tors mentioned in the text. Other drugs, reagents and cell-culture parameters known to modulate 
glycosylation and enrich for the fi nal specifi c glycoforms of interest are reviewed elsewhere 
(Hossler et al.  2009 ; Varki and Lowe  2009 )       

 

C.E. Hioe et al.

http://dx.doi.org/10.1007/978-1-4614-8872-9_5


65

epitopes. Indeed, recent crystal structures of extremely potent neutralizing CD4-
binding site (CD4bs) mAbs in the VRC-01 family (VRC-01, NIH45-46, VRC-PG04) 
reveal that the epitopes targeted by this mAb family may include a portion of the 
conserved N-glycan at position 276 of gp120 (West et al.  2012 ). Interestingly, the 
interaction is mediated by the variable region of the antibody light chain. It has 
been suggested that the inability of the putative germline light chain to bind gp120 
when this N-glycan is present may be one factor hindering the ability of commonly 
used gp120s to prime germline versions of this mAb family upon immunization, 
thus obviating the ability of gp120s to elicit broadly neutralizing antibodies (Scharf 
et al.  2013 ). 

 While much emphasis has been put on antibodies with potent and broadly neu-
tralizing activities, it is conceivable that N-glycans may also be targets for non-
neutralizing antibodies and antibodies mediating other antiviral functions. The 
latter include antibody-dependent cell-mediated cytotoxicity, antibody-dependent 
cell-mediated virus inhibition, complement-mediated virus lysis, transcytosis inhi-
bition, blockage of dendritic cell uptake via DC-SIGN, or suppression of virus 
spread in the gut mucosa via the integrin α4β7. Moreover, it remains to be deter-
mined if, in addition to the conserved high mannose-type N-glycans, more variably 
positioned glycans and glycans of the hybrid or complex types are also targeted. 
Hence, the varieties of glycan-targeting antibodies, the extent to which each of such 
antibodies are produced and how they may contribute to immunity and/or pathogen-
esis in the hosts during infection or after immunization are still completely unknown. 
Research tools and reagents to address these questions also need to be developed. 
Indeed, very scant information is currently available about the immunogenicity 
potential of the more than 20 N-glycans displayed on each HIV envelope molecule, 
and this topic is discussed further in the immunogenicity section below.  

3.2.2     Glycans That Shield the Antibody Epitopes 

 While the contribution of N-glycans as direct targets for many different neutralizing 
antibodies has been gaining attention in recent years, the capacity of N-glycans to 
shield neutralizing epitopes from antibodies has been well documented in the litera-
ture since the 1990s. Much of the initial supporting data was based on the observa-
tion that removal or addition of specifi c N-glycans from the HIV envelope 
glycoprotein modulated virus susceptibility to neutralizing antibodies. For example, 
the N386-linked glycan has been implicated in shielding the CD4bs epitope from 
mAb b12, and a natural variant bearing this particular glycan along with a Lys resi-
due at position 373 was resistant to b12 due to steric hindrance (Duenas-Decamp 
et al.  2008 ; Sanders et al.  2008 ). On the other hand, deleting the conserved N301 
glycan at the base of the V3 loop increased the ability of mAbs against the V3 loop 
and the CD4bs to neutralize JRFL, YU-2, and HXB2 (Koch et al.  2003 ). Deletion of 
a glycosylation site at position N306 in the V3 loop or N-glycans in the V1 loop also 
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rendered HIV-1 strain BRU more sensitive to neutralization by anti-V3 mAbs (Back 
et al.  1994 ; Hansen et al.  1996 ; Losman et al.  2001 ). Similarly, V1V2 mutations that 
reduced the number of N-glycans in this region increased sensitivity of HIV strain 
89.6 to neutralization, and a single glycan that globally affects exposure of several 
neutralizing epitopes was identifi ed at position N197 in the stem of the V2 loop (Li 
et al.  2008b ). A recent study with an HIV-1 CRF07_BC strain confi rmed that among 
25 potential N-linked glycosylation sites tested, the removal of the N-glycan at posi-
tion 197 most profoundly increased virus sensitivity to neutralization by CD4bs 
mAbs (b12 and VRC03), V3 mAb (3869), and gp41 mAbs (2F5 and 4E10). 
However, the effects of N-glycan removal can be virus strain-specifi c. Deglycosylation 
at position 197 of the MWS2 virus had no effect on neutralization by CD4i mAb 
17b or gp41 mAb 4E10, although sensitivity to CD4-IgG2 was enhanced (Huang 
et al.  2012 ). Rather, it was the loss of N-glycan at position 156 that rendered this 
virus sensitive to 17b, albeit that the mutation also affected virus infectivity. 

 Data from more recent studies indicate that it is not simply the absence or pres-
ence of N-glycans at particular positions on the virus envelope that affects sensitiv-
ity of HIV to neutralization by antibodies. Rather, the composition of sugar moieties 
of the N-glycans also infl uences the accessibility of epitopes, especially those in the 
V3 loop and the CD4bs that are often occluded in many HIV-1 isolates from neu-
tralizing antibodies. Binley et al. ( 2010 ) initially reported that HIV envelope- 
pseudotyped viruses produced in a mutant cell line lacking GlcNAc transferase I 
(GnTI) became 10–100-fold more susceptible to V3 and CD4bs mAbs such as 39F, 
15e, and b6, which are typically designated as “non-neutralizing,” than the same 
viruses grown in the parental cell line. 

 A recent study from our lab also demonstrated that a relatively neutralization- 
resistant Tier-2 virus produced in 293T cells in the presence of mannosidase inhibi-
tors, kifunensine or swansonine, was neutralized by V3 mAbs and by polyclonal 
anti-V3 IgG induced by vaccination with immune complexes of gp120/654 (Kumar 
et al.  2013 ). Monoclonal or polyclonal antibodies did not neutralize the same virus 
produced in the absence of inhibitors. Kifunensine and swansonine inhibit ER- and 
Golgi-mannosidase I and Golgi-mannosidase II, respectively (Fagioli and Sitia 
 2001 ; Elbein et al.  1990 ), which are required for cleaving terminal mannose resi-
dues to form complex N-glycans. The GnT I enzyme adds a GlcNAc moiety to high 
mannose N-glycans (Choi et al.  2003 ). Viruses made with these mannosidase inhib-
itors or in GnTI-negative cells are therefore devoid of complex N-glycans but are 
enriched in oligomannose-type N-glycans. Viruses produced in the presence of 
kifunensine are enriched for Man 9 GlcNAc 2 , whereas viruses grown in GnTI-
negative cells are enriched for Man 5 GlnNAc 2 . Swansonine treatment, on the other 
hand, results in production of viruses with high mannose- or hybrid-type glycans. 
Collectively, these studies raise the notion that the inclusion of complex- type gly-
cans on HIV envelope glycoprotein may be one important mechanism that the virus 
exploits for masking its neutralizing epitopes on the V3 loop and the CD4bs to 
escape from antibodies targeting these epitopes. The mechanisms by which com-
plex-type glycans mask epitopes are not yet understood, although their effects seem 
to be global, impacting disparate regions that include the V3 loop and the CD4bs. 
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One possibility is that the incorporation of complex-type glycans induces formation 
of more compact envelope spikes that occlude neutralizing epitopes from antibody 
recognition. Nonetheless, the specifi c positions of complex- type glycans involved 
in antibody evasion are not yet known and need to be defi ned to better comprehend 
this mechanism of immune escape. 

 Of note, the broadly neutralizing antibodies that directly target N-glycans, such 
as PGT128 and PG9, bind only to certain types of glycans, i.e., high-mannose gly-
cans with terminal Man 9 GlcNAc or Man 5 GlcNAc, respectively. The extent to which 
HIV may be able to modulate the specifi c glycan types at key glycosylation sites as 
an evasion strategy from these antibodies remains to be determined. Moreover, fur-
ther investigation into the importance of the different types of N-glycans for enve-
lope glycoprotein function and the infection cycle of HIV in general will likely be 
important as part of vaccine design efforts to target these glycans.  

3.2.3     Glycans That Shape Conformational Structures 
of Antibody Epitopes 

 N-glycans are critical for the proper folding and thus function(s) of viral glycopro-
teins to mediate virus binding to the cellular receptors CD4 and the chemokine 
receptors and entry into the cell. Early studies demonstrated that gp120 proteins 
produced without glycosylation in bacterial or yeast systems, for instance, lost their 
CD4bs activity due to protein misfolding during protein synthesis (Morikawa et al. 
 1990 ; Scorer et al.  1993 ; Doe et al.  1994 ). Enzymatic treatment with PNGase F, 
which completely removes all N-glycans, results in protein aggregation (Binley 
et al.  2010 ). However, the contribution of N-glycans in supporting or preventing 
antibody epitopes to adopt the structural conformation required for antibody bind-
ing has yet to be studied in detail. For example, the main contact residues of the 
broadly neutralizing antibody b12 are known to include amino acids in the CD4- 
binding loop (positions 364–373) and those near and in the outer domain exit loop 
(position 453–458 and 470–475) (Zhou et al.  2007 ), but the glycans critical for 
forming the b12 epitope have not yet been defi ned. Endoglycosidase H treatment of 
gp120, which removes all oligomannose sugars, had no effect on the b12 epitope 
(Sanders et al.  2002 ). Treatment with neuraminidase, which removes the terminal 
sialic acids of complex-type glycans, also did not affect b12 or other epitopes 
(Binley et al.  2010 ). The b12 epitope is also mostly unaffected by addition of as 
many as seven N-glycans around the CD4bs, even though these glycans were able 
to shield the CD4bs epitopes of poorly neutralizing mAbs such as b6 and F105 
(Pantophlet et al.  2003 ). Of note, and as already mentioned above, the N-glycan at 
position 276 may be important for CD4bs epitope recognition by other, more 
broadly neutralizing CD4bs antibodies (West et al.  2012 ). Whether this or other 
glycans are important for the structural presentation of the b12 epitope is unclear. 
Indeed, data about the types and positions of N-glycans needed for proper folding 
of the epitopes recognized by b12 and the more potent and broad neutralizing 

3 The Infl uence of HIV Envelope Glycosylation on Adaptive Immune Response



68

CD4bs mAbs of the VRC01 family (Zhou et al.  2010 ; Wu et al.  2010 ; Scheid et al. 
 2011 ; West et al.  2012 ) are still lacking. 

 Another group of HIV envelope-specifi c antibodies that bind to epitopes devoid 
of glycans but for which the epitope conformation is dependent on N-glycans are 
the V2 antibodies isolated in the early 1990s by Gorny et al. ( 1994 ; Gorny et al. 
 2012 ). Seven mAbs were found of which six bind overlapping epitopes in the V2 
region of gp120. The epitope of one representative mAb, 697, has been mapped by 
site-direct mutagenesis to discontinuous amino acids in the V2 region between posi-
tions 164 and 194, including those within highly conserved segments of RDK and 
FVKLDV that contain the α4β7-binding motif. This V2 region is on the opposing 
face from the epitopes recognized by PG9 (McLellan et al.  2011 ) and the newly 
reported V2 mAbs, CH58, and CH59, isolated from vaccine recipients in the RV144 
clinical trial (Liao et al.  2013 ). The V2 mAbs from Gorny et al. ( 2012 ) bind with 
high affi nity to soluble gp120 monomeric proteins from a large array of HIV-1 iso-
lates from clade B, clade C, and the circulating recombinant form AG, indicating 
that, unlike PG9 and PG16, they do not have preferential binding for the native 
envelope trimers on the virions. In fact, the virus neutralizing activities of these V2 
mAbs are restricted to few easy-to-neutralize Tier 1 viruses. Distinct from CH58 
and CH59 which bind to a V2 peptide representing positions 164–182, these V2 
mAbs also display no signifi cant binding to peptides, but recognize the V1V2 frag-
ment presented on the MuLV gp70 protein scaffold produced in mammalian cells. 
Importantly, binding of mAb 697 to gp120 is abrogated by sodium metaperiodate, a 
carbohydrate-oxidizing agent. This treatment also affects the CD4bs epitope, but 
not the V3 epitope, again suggesting that intact glycans on gp120 are required for 
forming or maintaining V2 and CD4bs antibody epitopes. Nevertheless, more data 
are needed to defi ne the specifi c positions and types of glycans that modulate the 
conformations of these epitopes. Such data is likely to shed light on how the discon-
tinuous gp120 epitopes in the V2 region or in the CD4bs are assembled, which 
should assist in designing immunogens capable of inducing antibodies targeting 
these particular epitopes.   

3.3     N-Glycans as Determinants of B Cell Immunogenicity 

 While much of the data in the literature demonstrate that N-glycans are essential 
elements determining how various HIV envelope-specifi c antibodies recognize their 
cognate epitopes on the virus antigen (i.e., antigenicity), almost no data is available 
about how antibodies to these epitopes are induced in vivo (i.e., immunogenicity). 
Indeed, translating antigenic properties of a selected antibody epitope into an immu-
nogenic epitope has been a major scientifi c challenge in the fi eld of HIV vaccine 
development. This task is rendered more diffi cult as the basic questions about the 
ontogeny process driving the development of unique or rare antibodies targeting 
their specifi c epitopes in the few HIV-infected hosts who generate these antibodies 
remain unaddressed. 
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3.3.1     Targeting Antibody Response to Glycans-Bearing 
Epitopes 

 As discussed more extensively in Chap.   6    , many attempts to elicit neutralizing anti-
bodies directed to the oligomannose-bearing epitope of 2G12 by active immuniza-
tion have yielded no success to date. Thus, multivalent arrays of oligomannose 
antigens have been constructed on virus-like particles (Doores et al.  2010b ,  c ; 
Astronomo et al.  2010 ), yeasts (Agrawal-Gamse et al.  2011 ), bacteria (Clark et al. 
 2012 ), or various other scaffolds (Joyce et al.  2008 ; Wang et al.  2004 ). These anti-
gens are reactive with 2G12 and some elicited antibodies targeting the mannose 
residues, but none generated 2G12-like neutralizing antibodies effective against 
HIV. These are clear examples demonstrating that the presence of an epitope on an 
immunogen does not necessarily lead to generation of the desired antibody response 
against that epitope. 2G12 is a single unique antibody with an unusual V H  domain 
swap, and this structure is prerequisite for its virus neutralizing activity. 2G12-like 
antibodies are not typically produced during infection and are not detected even 
among the so-called elite neutralizers, who are among the 1–10 % of HIV- 
seropositive individuals with broad and potent neutralizing serum antibodies. 
Indeed, recent efforts to characterize and isolate potent and broad neutralizing anti-
bodies from these elite neutralizers did not yield additional 2G12-like antibodies 
(Walker et al.  2010 ,  2011a ; Mouquet et al.  2010 ; Scheid et al.  2011 ). Candidate 
immunogens designed to target the 2G12 epitope also were not able to engage the 
putative 2G12 germline antibody, which is presumed to have a conventional Y 
shape (Doores et al.  2013 ). Similar fi ndings were also reported for the putative b12 
germline that has no reactivity with HIV envelope antigens (Hoot et al.  2013 ). 
Therefore, much effort is now aimed at identifying immunogens capable of priming 
naïve B cells bearing the germline receptors of known broadly neutralizing antibod-
ies. It is hypothesized that, following such priming, boosting with sequential immu-
nogens bearing mature epitopes will drive selected B cells to undergo high-affi nity 
maturation that ultimately leads to the formation of B cell receptors resembling the 
targeted mAb templates. However, some data suggest that the diffi culty in eliciting 
broadly neutralizing antibodies is due to immune tolerance (Haynes et al.  2005 ), 
and strategies to break tolerance may be needed as part of vaccine design strategies 
to elicit broadly neutralizing antibodies. 

 There are yet no published reports demonstrating the successful construction 
of immunogens capable of eliciting antibodies that target N-glycan-bearing V2 or 
V3 epitopes recognized by the PG9/16 or PGT antibody, respectively. Nonetheless, 
PG9-like antibodies and PGT-like antibodies that are dependent on N-glycans at 
positions 160 and 332, respectively, are generated in a subset of HIV-infected 
individuals (Walker et al.  2010 ; Mouquet et al.  2012 ) and during experimental 
infection of select rhesus macaques with SHIV (Walker et al.  2011b ). While these 
fi ndings might suggest that induction of PG- and PGT-like antibodies in vivo has 
a higher likelihood of success than the induction of 2G12-like antibodies, the 
highly conformational and discontinuous nature of these glycopeptides epitopes 
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poses a signifi cant challenge for vaccine design. In addition, N-glycans generally 
display a high degree of structural fl exibility, which poses challenges for eliciting 
antibodies with the desired fi ne specifi city. The structural fl exibility of glycans is 
likely even more pronounced on unmodifi ed soluble gp120 monomers, making 
them poor immunogens for eliciting PG- and PGT-like antibodies. 

 One strategy currently under investigation for eliciting PG9-like antibodies is 
engraftment of the N-glycan-bearing PG9 epitope on heterologous scaffolds. A similar 
approach is conceivable for targeting the PGT antibody epitopes. At this point, two 
different scaffold proteins presenting the V1V2 region reactive with PG9 have been 
constructed and the complexes utilized to resolve the 3D structure of the PG9 epit-
ope (McLellan et al.  2011 ). However, crystallographic structures of V2 peptides in 
complex with the lesser-neutralizing V2 mAbs CH58 and CH59 that bind epitopes 
overlapping PG9 show that the antigenic region recognized by these mAbs is struc-
turally variable. When bound by PG9 this region adopts a β-strand conformation, 
however in complex with mAb CH58 or CH59 the same region adopts divergent 
helical and loop structures (Liao et al.  2013 ). The two forms bound by CH58 and 
CH59 are also distinct from each other: the two peptide segments recognized by 
CH58 (V2 residues 167–176 and residues 177–181) form an α-helix and an extended 
coil, whereas the two segments recognized by CH59 (V2 residues 168–173 and 
residues 174–176) form a coil or turn and a short 3 10  helix (Liao et al.  2013 ). It is 
important to note that these structures are likely only snapshots of conformations 
that this V2 region might be able to adopt; the preferred, lowest energy, 
conformation(s) in different virus envelope glycoproteins are not known. Designs of 
immunogens to elicit PG9-like antibodies will need to consider these factors so that 
strategies may be devised to enhance the likelihood for presentation of the desired 
structure that is recognizable only by PG9-like antibodies. 

 The types of N-glycans on candidate immunogens also may be modulated to 
enhance the presentation of PG9 or PGT-series epitopes. For example, since PG9 
binds Man 5 GlcNAc 2 -bearing N-glycans, the specifi c glycan type may be enriched 
by producing the immunogens in GnTI-negative cells (Reeves et al.  2002 ). PGT128, 
on the other hand, recognizes Man 9 GlcNAc 2 , and immunogens produced in the 
presence of kifunensine would have N-glycans enriched with this terminal oligosac-
charide (Elbein et al.  1990 ). Alternatively, these specifi c sugar moieties could be 
introduced, possibly in desirable orientations, using synthetic approaches 
(Westerlind  2012 ; Freire et al.  2010 ; Bay et al.  2009 ). 

 However, improving in vitro reactivity or antigenicity of N-glycan bearing epit-
opes with the template mAbs is only one step, which is often insuffi cient, to improve 
their immunogenicity. Other critical factors determining immunogenicity of anti-
body epitopes are poorly understood. Both host and viral factors are likely involved 
and these may be epitope-specifi c. Thus, it is imperative that future studies include 
the exploration of the basic principles governing immunogenicity of distinct glycan 
epitopes in the hosts after infection with the virus and/or following immunization 
with candidate vaccines.  
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3.3.2     Eliciting Antibody Responses to Epitopes 
Modulated by Glycans 

 Experiments using HIV glycoprotein immunogens lacking specifi c N-glycans 
showed that the removal of glycans improved envelope immunogenicity to some 
degree. In one of the earliest studies, Reitter et al. ( 1998 ) introduced combinations 
of mutations removing N-glycans from SIV and found that infection of rhesus mon-
keys with the mutant viruses induced marked increases in envelope-binding and 
virus-neutralizing antibody titers than infection with the wild-type virus. Working 
with HIV and the chimeric SHIV model, Li et al. ( 2008b ) also reported that removal 
of a single N-glycan at position 197 not only increased the sensitivity of HIV-1 89.6 
to broadly neutralizing CD4bs mAb b12 and V3 mAb 447-52D in vitro, but also 
enhanced immunogenicity of the protein in vivo. Indeed, immunization of pig-tailed 
macaques with this mutant envelope immunogen generated signifi cantly higher 
antibody titers than wild-type glycoprotein. Neutralizing activity against a panel of 
subtype B HIV-1 primary isolates was modest however, though robust levels of 
neutralization were observed against HIV-1 SF162, SHIV89.6, and SHIV89.6P-MN. 
Importantly, neutralization levels correlated with protection against intra-rectal 
challenge with SHIV89.6P-MN as measured by reduced plasma virus load and 
increased survival. Nevertheless, the neutralizing activity was not as broad as that of 
b12 and 447-52D,    indicating that removing the N-glycan shield to better expose 
these particular epitopes does not improve their immunogenicity enough to induce 
of the type of broadly neutralizing antibodies that are desired. A similar conclusion 
was reached in another study (Blish et al.  2010 ), in which the immunogenicity of 
pairs of glycoprotein antigens with differential exposure of broadly neutralizing 
epitopes was compared. The study found that envelope immunogens with more 
exposed epitopes did not necessarily improve the generation of antibodies against 
those particular epitopes, indicating the poor immunogenicity of these broadly neu-
tralizing epitopes due to reasons that have yet to be fully elucidated. 

 A number of studies from our own lab have shown that removal of an N-glycan 
at position 448 in the C4 region modestly enhances antigenicity of neutralizing 
epitopes in the V3 loop (Li et al.  2008a ; Kumar et al.  2011 ). When gp120 with this 
mutation was used to immunize mice, it elicited poor V3 antibodies, comparable to 
that attained with wild-type gp120, and no improvement was observed with a DNA 
prime/protein boost immunization regimen (Kumar et al.  2011 ). Interestingly, the 
N-glycan mutant was effective in eliciting high titers of neutralizing V3 antibodies 
when administered as an immune complex with the CD4bs mAb 654. A combina-
tion of N448-glycan removal and complex formation with mAb 654 was synergistic 
in increasing V3 antigenicity and immunogenicity beyond that achieved with wild- 
type gp120 alone or in complex with the antibody (Kumar et al.  2011 ). In an attempt 
to understand factors in the immune-complex vaccine strategy contributing to 
increased immunogenicity of V3 epitopes, we compared in vitro antigenicity and 
protease resistance of wild-type and mutant gp120, on its own or in complex with 
mAb 654, and also correlated in vivo induction of antibody response with T-helper 
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cell proliferation and cytokine production (Kumar et al.  2011 ,  2012 ). Signifi cant 
improvement of V3 immunogenicity in context of the mutant gp120/654 complex 
correlated not only with increased V3 antigenicity but also with greater resistance 
of V3 and the entire gp120 antigen to proteolytic degradation. By contrast, levels of 
T-cell proliferation and production of IFN-γ and other Th1 cytokines were lower. 
These results indicate that focusing only on enhancing antigenicity of the targeted 
epitope is not suffi cient to improve its immunogenicity. Rather, the induction of 
IL-21-producing follicular T-helper cells may improve the capacity of immunogens 
to promote the generation of B cells producing high-affi nity antibodies (Cubas et al. 
 2013 ; Lindqvist et al.  2012 ). 

 Improvement of V3 immunogenicity by the aforementioned mutant gp120/anti-
body 654 complex also led to a signifi cant increase in neutralization potency of the 
elicited V3 antibodies. Neutralization breadth remained limited to Tier 1 HIV-1 
strains with relatively accessible V3 epitopes. Otherwise resistant Tier 2 strains 
became susceptible to neutralization by V3 antibodies induced with the gp120/anti-
body complex only when the viruses were produced with envelope antigens devoid 
of complex-type N-glycans and enriched with high mannose-type N-glycans 
(Kumar et al.  2013 ). These observations suggest that complex-type glycans regulate 
the exposure of the targeted V3 epitopes. It is unclear whether all neutralizing epit-
opes within the V3 loop are occluded to the same extent. Future research efforts will 
focus on identifying V3 epitopes that may be less susceptible to such masking 
effects.   

3.4     Effects of N-Glycans on T-Cell Recognition 

 Very scant information is currently available about the contribution of N-glycans to 
T-cell recognition of HIV envelope spike and their effects on the T-cell response 
against the glycoprotein antigen. Unlike antibodies and B cells, T cells do not rec-
ognize intact antigens. Rather, antigens are processed by antigen-presenting cells 
(APCs) into smaller peptide fragments that associate with MHC molecules and are 
displayed on the surface of the APCs. These peptide-MHC complexes are the cog-
nate ligands for the T-cell receptors on CD8 and CD4 T cells. CD8 and CD4 T cells 
typically recognize their epitopes in complex with the MHC class I and class II 
molecules, respectively. 

 For the MHC class I antigen presentation pathway, most peptides are derived 
from endogenous de novo proteins made in the cytosol and degraded by the proteo-
some particles before their transport to the ER. The peptides associate with the 
newly synthesized MHC class I molecules in the ER to form stable complexes, 
which are then transported through the Golgi machinery to the cell surface. Cytosolic 
peptides are not glycosylated, but cytosolic proteins may be modifi ed with O-linked 
 N -acetylglucosamine (O-GlcNAc) on S and T residues (Haltiwanger et al.  1992 ). In 
addition, glycoproteins with N-glycans or O-linked glycans (O-glycans) may enter 
the MHC class I pathway by cross-presentation, a pathway that enables CD8 T cells 
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to recognize apoptotic cells and pathogens that do not infect the APCs themselves 
(Heath and Carbone  2001 ). Peptides containing O-glycan, but not N-glycan, have 
been found to associate with MHC class I. Although they do not directly interfere 
with proteosomal enzymes, glycans also may infl uence the way glycoproteins are 
processed and presented on MHC class I. 

 In contrast, the majority of antigens entering the MHC class II presentation pathway 
come from exogenous antigens ingested by professional APCs like dendritic cells 
or macrophages and degraded by proteases in the acidic endolysosomal compart-
ments, where the processed peptides encounter MHC class II molecules. In addi-
tion, endogenous cellular antigens also enter the endosomal pathway and may be 
presented by MHC class II. Many antigens that are processed and presented by 
MHC class II for CD4 T-cell recognition are glycoproteins. Glycans may become 
parts of the epitopes or may affect their processing and presentation. 

3.4.1     Glycans as Components of T-Cell Epitopes 

 Despite the numerous N-glycans present on the HIV envelope, no class I-restricted 
T-cell epitopes of the HIV envelope have been reported that contain N-glycans. 
Indeed, no class I-associated peptides have any sugar moieties from N-glycans. 
O-GlcNAc-bearing peptides, on the other hand, have been found among peptides 
eluted from class I MHC (Haurum et al.  1999 ), and an immunogenic class I-restricted 
MUC1 epitope was shown to carry the small O-linked  N -acetylgalactosamine 
(GalNAc) group (Haurum et al.  1995 ). Interestingly, glycosylated analogs of T-cell 
epitopes from Sendai virus nucleoprotein, infl uenza A nucleoprotein, adenovirus 
Ad5E1, and VSV nucleoprotein have also been reported to bind class I MHC 
(Haurum et al.  1994 ,  1995 ; Abdel-Motal et al.  1996 ), but these epitopes were cou-
pled to single or double sugar groups by synthetic chemistry and were not generated 
naturally from their native viral proteins. An HIV glycoprotein epitope with an 
O-GalNAc or an O-GlcNAc has not been identifi ed, however to the best of our 
knowledge, past studies mapping CD8 T-cell epitopes from the HIV envelope spike 
did not include searches for glycosylated epitopes. Nonetheless, as HIV envelope 
antigens may access the class I pathway via cross-presentation and the MHC class I 
can accommodate peptides with O-glycan moieties, it remains possible that 
O-glycosylated peptides of HIV envelope constitute a small fraction of epitopes 
recognized by virus-specifi c CD8 T cells. Similar to antibodies, these T cells may 
play a protective role against the virus but also drive the emergence of O-glycan 
escape variants. 

 Comparatively, host-derived and foreign glycoprotein antigens often access the 
exogenous class II presentation pathway, and the MHC class II molecules also 
accommodate peptide fragments of larger and more heterogeneous sizes than the 
class I MHC. As a result, a number of peptides bearing O-linked or N-linked gly-
cans have been identifi ed as class II MHC-restricted CD4 T-cell epitopes. These 
include MUC1 epitopes with aberrant O-linked GalNAc or Gal-GalNAc moieties 

3 The Infl uence of HIV Envelope Glycosylation on Adaptive Immune Response



74

that are not exposed in the normally glycosylated MUC1 protein (Ryan et al.  2009 ), 
O-linked glycopeptides from type II collagen that induce rheumatoid arthritis- 
associated T cells in human and the mouse model (Michaelsson et al.  1994 ; 
Malmstrom et al.  2000 ), and glycopeptide epitopes with N-linked or O-linked 
GlcNAc from bee venom allergen (Dudler et al.  1995 ) and rabies virus glycoprotein 
(Otvos et al.  1995 ). Naturally processed glycopeptides have also been eluted from 
class II MHC molecules (Chicz et al.  1992 ; Dengjel et al.  2005 ). However, no data 
is currently available about HIV envelope-derived glycopeptides that bind class II 
MHC or are recognized as specifi c epitopes by CD4 T cells. Relatively few CD4 
T-cell epitopes have been mapped to the envelope glycoproteins, and these epitopes 
are devoid of any glycans, as they were identifi ed by synthetic peptides made with-
out posttranslational modifi cation.  

3.4.2     Glycans Affecting Processing and Presentation 
of T-Cell Epitopes 

 Although few studies have investigated the effects of the extremely extensive glyco-
sylation of HIV envelope glycoprotein on T-cell responses, data from these studies 
all suggest that glycosylation has a signifi cant impact on how envelope proteins and 
virus particles are processed to generate T-cell epitopes, and consequently on the 
induction of virus-specifi c T cells. All CD8 T-cell epitopes and the vast majority of 
CD4 T-cell epitopes are devoid of oligosaccharides, and the presence of N-glycans 
can hinder the processing and generation of these epitopes. Even for the much less 
glycosylated infl uenza HA antigen, the presence of an N-glycan outside a CD4 
T-cell epitope can block T-cell recognition of the epitope, and partial deglycosyl-
ation is suffi cient to restore epitope recognition (Drummer et al.  1993 ; Jackson et al. 
 1994 ). In the case of HIV, early studies by Doe et al. ( 1994 ) showed that induction 
of cytolytic CD8 T-cell responses was markedly less effi cient when animals were 
immunized with fully glycosylated envelope gp120 produced in mammalian 
Chinese hamster ovary (CHO) cells than non-glycosylated gp120 from yeast or 
baculovirus-expressed gp120 made in insect cells. One factor that accounts for the 
difference is glycosylation, as removal of N-glycans from the CHO-derived gp120 
protein by endoglycosidase treatment improves induction of cytolytic T-cell 
response to this antigen. Mori et al. ( 2005 ) observed in the SIV/rhesus monkey 
model that SIVmac239 lacking fi ve N-glycans induced robust cytolytic CD8 T-cell 
responses associated with tight control of chronic infection with the mutant virus 
and some degrees of protection against challenge with wild-type virus. Interestingly, 
the enhanced cytolytic T-cell responses observed were not only to the virus enve-
lope but also to other viral antigens, suggesting that the effect of virus envelope 
glycosylation is not only localized to the envelope antigen itself, but may also alter 
antigen processing and presentation of the whole virus. 

 In support of this notion, recent fi ndings demonstrated that alterations in the 
glycosylation of HIV envelope glycoprotein on virions infl uence whether after 
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ingestion by dendritic cells they are transmitted to neighboring CD4 target cells or 
degraded for antigen presentation to virus-specifi c T cells (van Montfort et al. 
 2011 ). Interestingly, the presence of complex-type N-glycans promotes virus trans-
mission, while enrichment of high mannose-type N-glycans increases the envelope 
affi nity for the receptor DC-SIGN and enhances capture of the virus into the endo-
cytic pathway for antigen processing, resulting in reduced virus transmission. 
Indeed, the envelope antigen containing mainly oligomannose N-glycans are pre-
sented by dendritic cells to envelope-specifi c T cells more effi ciently. Together with 
the data showing increased susceptibility of viruses with only oligomannose-type 
N-glycans to neutralizing antibodies (Binley et al.  2010 ; Kumar et al.  2013 ), it 
appears that the composition of N-glycans on the HIV envelope glycoprotein, in 
particular the incorporation of complex-type N glycans, is a critical determinant for 
the virus to evade recognition by both antibodies and T cells. 

 Of note, N-glycans do not always have negative effects on T-cell epitope process-
ing. Studies from our lab have shown that N-glycans near the termini of CD4 T-cell 
epitopes on the C2 and C4 regions of HIV gp120 are required for effi cient process-
ing and generation of these epitopes (Li et al.  2008a ,  2009 ). N-glycans fl ank each of 
the four hot-spots where the vast majority of human and mouse CD4 T-cell epitopes 
cluster on gp120 (Surman et al.  2001 ). These glycans are not part of the epitopes; 
rather, they are essential for maintaining the proper structures of the local regions 
near the epitopes, by exposing cleavage sites at the epitope termini on the gp120 
surface, rendering them accessible to endoproteases (Li et al.  2009 ). Although the 
biologic signifi cance of these glycans is still not fully understood, evidence suggests 
they dictate the sites for endopeptidase cleavage that releases potential T-cell epit-
opes from the intact gp120 antigen for presentation on MHC class II.   

3.5     Summary and Prospective 

 Over the past two decades, research efforts investigating the biological importance of 
HIV envelope glycosylation have waxed and waned. Since many of the recently iso-
lated highly potent and broadly neutralizing mAbs recognize N-glycans as parts of 
their epitopes, increasing attention is now paid to this signifi cant component of the 
HIV envelope glycoprotein. In addition to being the direct targets of antibodies, 
N-glycans also play a signifi cant role in modulating exposure of many HIV envelope 
epitopes and maintaining the appropriate conformation of antibody epitopes. 
However, the few N-glycan-bearing epitopes currently known may only be a fraction 
of those that can be targeted by antibodies in response to the HIV envelope, and other 
N-glycan-bearing epitopes remain to be identifi ed. Much also remains to be learned 
about which N-glycans determine the quaternary packing of the native envelope gly-
coprotein trimers on the virus surface and regulate the exposure or conformation of 
potent and broad neutralizing epitopes to create an effective masking for these epit-
opes against antibody recognition. A better understanding of the molecular basis for 
this immune evasion mechanism would help design a strategy to penetrate this shield. 
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 Nonetheless, the most daunting challenge to surmount in the fi eld is generating 
de novo antibody responses that mimic the potent and broadly reactive mAbs target-
ing these glycan-bearing epitopes. It has become clear that the mere presentation of 
a particular epitope on an immunogen does not guarantee induction of the desired 
antibody specifi cities. There are other still unknown determinants governing the 
induction of antibody response to a particular epitope, and these factors must likely 
be defi ned to successfully overcome the challenges currently faced. T cells, in par-
ticular CD4 T-helper cells, play a critical role in the induction of antibody response, 
but information about the infl uence of N-glycans on T-cell recognition and induc-
tion of T-cell responses to HIV is scarce. Available data, however, show that glycans 
are not part of T-cell epitopes mapped thus far on HIV envelope glycoproteins and 
do not necessarily hinder the presentation of T-cell epitopes on MHC molecules. 
Certain N-glycans are required for the effi cient processing and generation of CD4 
T-cell epitopes from HIV gp120. The composition of N-glycans on the HIV enve-
lope also determines whether, upon uptake by APCs, HIV is degraded for antigen 
presentation to virus-specifi c CD4 T cells or is preserved for transmission to the 
target CD4 T cells. Hence, although N-glycans of the HIV envelope glycoproteins 
are known to have signifi cant impact on antibody and T-cell responses, much more 
needs to be understood about the exact mechanisms by which these glycans exert 
their infl uence. Data from such studies would provide valuable information for the 
development of novel strategies in our quests for more effective preventive or thera-
peutic measures that are vitally needed to stop the global HIV epidemic.     
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    Abstract     The HIV-1 envelope (Env) glycoprotein gp120 is heavily glycosylated, 
displaying an array of high mannose and complex carbohydrate moieties that are 
tightly packed and arranged into spatially distinct clusters. It is well established that 
together these glycans form an “evolving shield” that protects vulnerable receptor- 
binding sites from recognition by neutralizing antibodies. Paradoxically, the absence 
of glycans has been consistently associated with HIV-1 transmission in certain set-
tings, but the underlying benefi t for transmission remains poorly understood. A less 
glycosylated form of the viral Env may be more sensitive to neutralizing antibodies 
(nAbs) in an established infection; yet in the absence of adaptive immunity, this 
could be advantageous by providing evasion from mucosal immune defenses 
directed against pathogen-associated glycans or an enhanced ability to attach to and 
infect its primary target, the CCR5 +  CD4 +  T cell. Thus, HIV-1 must continually 
maintain a delicate balance between the number, position, and type of glycans in 
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Env in response to host-selective pressures. Here we will explore the complex roles 
that glycans play in establishing new infections, maintaining Env function, and 
evading sequential waves of neutralizing antibodies.  

  Keywords     HIV-1 transmission   •   Neutralizing antibody   •   Envelope glycoprotein   • 
  gp120   •   Glycosylation  

4.1         Glycans in HIV-1 Transmission 

4.1.1     Genetic Diversity of HIV-1 

 HIV-1 is an assortment of genetically related, but phylogenetically diverse lentivi-
ruses that originated from simian immunodefi ciency viruses (SIVs; the HIV-1 
counterpart that infects nonhuman primates) through multiple cross-species trans-
mission events from chimpanzees, and perhaps gorillas, to humans (Sharp and 
Hahn  2011 ). HIV-1 viral strains have been categorized into four groups (M, N, O, 
and P), with group M being responsible for the current worldwide pandemic 
(Hemelaar  2012 ; Taylor et al.  2008 ). Currently, an estimated 34 million HIV-1-
infected individuals live across the globe (UNAIDS  2012 ). Group M has been fur-
ther divided into nine major subtypes (A, B, C, D, F, G, H, J, and K), and 
superinfection or co-infection with one or more subtypes within an individual has 
led to the generation of more than 50 circulating recombinant forms (CRFs), which are 
defi ned by their distinct breakpoints, and now account for more than 18 % of global 
infections (Hemelaar  2012 ; Hemelaar et al.  2011 ; Taylor et al.  2008 ; Travers  2012 ). 
The CRF nomenclature indicates that a virus with identical breakpoints has been 
isolated from at least three epidemiologically unrelated individuals (Leitner et al. 
 2005 ). Otherwise, a mosaic virus is designated a unique recombinant form (URF). 
Currently, subtypes A–D together with recombinant forms CRF01_AE and CRF02_
AG cause the majority of HIV-1 infections, although subtype C alone accounts for 
half of all HIV-1 infections worldwide (Hemelaar et al.  2011 ). Inter-subtype genetic 
divergence has been estimated between 17 and 42 % while intra-subtype variation 
ranges from 8 to 30 % (Hemelaar et al.  2006 ; Korber et al.  2001 ; Taylor et al.  2008 ). 
Of all the viral genes, HIV-1  env  is the most variable, and the subtypes can differ by 
as much as 35 % from one another in Env (Leitner et al.  2005 ). In addition, within 
a single infected individual, Env glycoproteins can differ by more than 10 % within 
the viral quasispecies, with the surface glycoprotein gp120 being especially vari-
able (Derdeyn and Hunter  2008 ; Haaland et al.  2009 ; Rong et al.  2009 ). Thus, 
HIV-1 group M could be considered a collection of viral variants that originated 
from a single cross-species transmission event (Gao et al.  1999 ) and share function-
ally and structurally similar Env glycoproteins but that are nevertheless quite genet-
ically diverse.  
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4.1.2     HIV-1 Transmission 

 HIV-1 is transmitted through multiple routes, all of which involve an exchange of 
bodily fl uids. The modes of transmission include heterosexual contact, men who 
have sex with men, injecting drug use, and vertical transmission from mother to 
child (MTC) (Shaw and Hunter  2012 ). While the proportion of transmission events 
accounted for by each mode varies by demographics, heterosexual transmission 
alone accounts for 70 % of all HIV-1 infections worldwide (Shaw and Hunter  2012 ). 
Sexual transmission requires that the virus cross a mucosal barrier, and this could 
contribute to its relative ineffi ciency, with infection estimated to occur at a fre-
quency of between 1 in 200 and 1 in 3,000 exposures (Hladik and McElrath  2008 ). 
However, there are multiple confounding factors that can dramatically alter the fre-
quency, including the presence of genital ulcers and other sexually transmitted 
infections, male circumcision, and female contraceptive use (Boily et al.  2009 ; 
Powers et al.  2008 ). These factors may increase or decrease the availability of sus-
ceptible CD4 +  T cells and/or alter the integrity of the mucosal barrier.  

4.1.3     Glycosylation of the HIV-1 Env Glycoprotein gp120 

 The HIV-1 Env glycoproteins play an important role in transmission, with 
sequences in gp120 and gp41 ultimately determining which target cells will be 
infected, and how effi ciently attachment, receptor binding, and membrane fusion 
will occur. The HIV-1 Env enables entry by fi rst binding to the primary receptor, 
CD4, and then to a coreceptor, either CCR5 or CXCR4 (Bjorndal et al.  1997 ; 
Broder and Collman  1997 ; Feng et al.  1996 ; Littman  1998 ). The HIV-1 Env gp120 
molecule consists of conserved domains interspersed with more variable regions 
(Fig.  4.1 ), and is among the most heavily glycosylated proteins known (Myers 
et al.  1992 ). Potential Asparagine (N-linked) glycosylation sites (PNLGs) are 

  Fig. 4.1    Linear diagram of Env gp120. The conserved domains C1–C5 ( open rectangles ) are 
interspersed with cysteine-bound hypervariable domains V1–V4 and V5 ( hatched rectangles ). The 
V1V2 and V4 domains are subject to amino acid insertions and deletions, and changes in the num-
ber and position of PNLGs, giving gp120 variation in both length and number of glycans. The V3 
and V5 regions are more constrained in length       
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defi ned within an amino acid sequence by the following motif: N-X-[S or T] where 
X can be any amino acid except proline (Gavel and von Heijne  1990 ; Marshall  1972 ). 
However, glycosylation may not occur if the PNLG involves certain N-X-S combi-
nations or if it is adjacent to specifi c amino acids (Kasturi et al.  1995 ; Mellquist 
et al.  1998 ). The median number of PNLGs in gp120 is around 25, with the range 
extending from 18 to 33 sites (Korber et al.  2001 ; Zhang et al.  2004 ). Most studies 
of the role of PNLGs in HIV-1 Env function, neutralization sensitivity, or transmis-
sion are conducted based on the assumption that the protein is glycosylated at the 
sequon of interest, and that either naturally occurring or experimentally induced 
mutation of the sequon abrogates addition of the carbohydrate.

   In addition to being heavily glycosylated, Env gp120 also varies in length, from 
approximately 484 to 543 amino acids (Korber et al.  2001 ; Zhang et al.  2004 ). 
Because of the length variation in Env, amino acid positions are normalized to the 
HXB2 reference sequence so that they can be compared across viral isolates. In 
general, the more conserved PNLGs (those that can be readily aligned between 
diverse HIV-1 Envs) are occupied by high-mannose glycans (Zhang et al.  2004 ). In 
contrast, complex carbohydrates generally occupy PNLGs located in areas of length 
and sequence variation, such as the surface exposed hypervariable domains. These 
latter PNLGs are frequently added, deleted, and/or shifted in response to selective 
pressure from neutralizing antibodies (see Sect.  4.2 ). The abundance of incom-
pletely processed glycans, the high levels of glycan clustering, and the potential for 
glycan–glycan interactions on gp120 are considered “unique and peculiar” attri-
butes among glycosylated proteins (Sato et al.  2012 ). 

 Travers et al. recently demonstrated that, despite the high levels of sequence and 
length diversity, there are 13 PNLGs (N88, N156, N160, N197, N234, N241, N262, 
N276, N301, N356, N386, N392, and N448) that are highly conserved across the 
major group M subtypes A–D, CRF01_AE, and CRF02_AG (Travers  2012 ). 
However, subtype-specifi c differences in PNLG conservation were also observed. 
For example, the PNLG N295 (N-terminal to the gp120 V3 domain) is uncommon 
in subtype C HIV-1 Envs, and N332 (C-terminal to the V3 domain) is “replaced” by 
the adjacent sequon N334 in CRF01_AE. Recently, it was suggested that subtype B 
Envs from Trinidadian subjects have longer gp120 V2 domains, containing an extra 
PNLG, representing either a subtype-specifi c effect or a geographic “founder effect” 
that is characteristic of the lineage that established this local epidemic (Collins- 
Fairclough et al.  2011 ). This extremely high density of glycans in the HIV-1 Env 
means that mutual exclusion likely occurs (Poon et al.  2007 ). On the other hand, for 
structurally distal glycans, networks of mutual dependency probably exist to main-
tain conformation and shielding (Poon et al.  2007 ; Sethi et al.  2013 ; Travers  2012 ). 
Thus, the pattern of glycosylation of Env gp120 is generally conserved across 
diverse subtypes and CRFs, but is also shaped by the viral lineage introduced into a 
host population, followed by adaptation to immune pressure within that population. 
This further refl ects how the virus must balance glycan effects on Env function, 
viral transmission, and immune escape.  
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4.1.4     HIV-1 Env in Transmission: The Genetic Bottleneck 

 To assess genetic or phenotypic properties of Env that could be important for trans-
mission, recent studies have mainly been performed in two ways: comparing Env 
sequences and/or clones from (1) the acute/early stage of infection to those obtained 
from a set of unrelated chronically infected individuals or (2) newly infected indi-
viduals (recipients or infants) to those obtained from their epidemiologically linked 
partner (donor) or mother in transmission pairs. For clarity, we will refer to these as 
acute vs. chronic Envs if the comparison involves unrelated individuals, donor vs. 
recipient Envs if the comparison involves a documented, epidemiologically linked 
sexual transmission pair, or mother vs. infant Envs if the comparison involves a 
vertical transmission pair. Comparison of unrelated acute vs. chronic Envs is a com-
mon approach because of the wide availability of these sequences, samples, and 
clones. However, this approach is subject to a selection bias making it necessary to 
control for confounding factors such as demographics, gender, ethnicity, and route 
of transmission. The comparison of donor–recipient or mother–infant Envs requires 
established cohorts, which precludes large datasets but takes into account the char-
acteristics of the quasispecies from which the transmitted Env originated and may 
be able to detect subtle differences. 

 Recently developed technological advances have refi ned these comparative stud-
ies of Envs. Older studies employed high throughput Env sequencing and/or cloning 
and expression strategies, coupled with an indicator cell line that could measure the 
infectivity of Env pseudoviruses under different conditions (for example, sensitivity 
to nAbs). Such studies, which occurred as early as the 1990s, established the exis-
tence of a genetic bottleneck during sexual and MTC transmission of HIV-1, in 
which a single or limited number of variants is commonly found in the newly 
infected individuals (Wolfs et al.  1992 ; Wolinsky et al.  1992 ; Zhang et al.  1993 ). 
More recent studies have used methods for amplifying  env  genes under high 
throughput limiting dilution conditions, which minimizes in vitro artifacts such as 
PCR-induced recombination or template resampling (Haaland et al.  2009 ; Salazar- 
Gonzalez et al.  2008 ). In addition, earlier sampling and phylogenetic methods have 
allowed identifi cation of a “transmitted/founder” Env, which is representative of the 
virus that establishes the new infection (either by selection at the mucosal barrier or 
by outgrowth as the dominant variant) (Keele et al.  2008 ; Lee et al.  2009 ). Several 
studies of Env sequence and/or phenotype, using limiting dilution or bulk PCR 
approaches, have confi rmed the concept of the genetic bottleneck (Abrahams et al. 
 2009 ; Bar et al.  2010 ; Boeras et al.  2011 ; Derdeyn et al.  2004 ; Fischer et al.  2010 ; 
Haaland et al.  2009 ; Keele et al.  2008 ; Long et al.  2000 ; Masharsky et al.  2010 ; Poss 
et al.  1995 ; Ritola et al.  2004 ; Russell et al.  2011 ; Sagar et al.  2004 ,  2009 ; Wu et al. 
 2006 ). The more recent intense focus on defi ning selection of certain Env properties 
in transmission was fueled in part by the observation that heterosexual transmission 
of subtype C HIV-1 appeared to favor a specifi c viral variant from the donor quasi-
species that carried shorter hypervariable loops, was less glycosylated, and was sen-
sitive to neutralization by the donor plasma (Derdeyn et al.  2004 ) (Fig.  4.2 ).
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4.1.5        HIV-1 in the Genital Tract 

 Another approach to defi ne the genetic bottleneck associated with sexual transmis-
sion is to delineate Env characteristics of viruses circulating within the genital tract 
of chronically HIV-1-infected subjects. Ritola et al. examined the V1V2 and V3 
regions of Env gp120 in six newly subtype B-infected individuals and found evi-
dence that the virus population in semen was very similar to plasma at this early 
stage of infection (Ritola et al.  2004 ). Anderson et al. subsequently compared Env 
sequences in matched plasma and semen samples from a cohort of 12 chronically 
subtype C HIV-1-infected male subjects (Anderson et al.  2010 ). In that study, Env 
sequences in plasma and semen could be categorized into three types of relation-
ships: (1) the sequences were essentially the same in both compartments, (2) mixing 
between semen and plasma was observed but with clades of identical sequences 
within the semen suggesting local replication, and (3) compartmentalization of 
genetically distinct viral populations between plasma and semen. Others have also 
found examples of both compartmentalized and equilibrated viral populations 

  Fig. 4.2    Model of the transmission bottleneck, immune escape, and subsequent reestablishment 
of the viral quasispecies. ( a ) A vastly heterogeneous donor quasispecies is shown with differential 
glycosylation profi les (represented by  forks ) on the Env glycoprotein spikes. ( b ) A virion carrying 
less glycosylation is transmitted across the mucosal epithelial barrier, potentially at a point of 
vulnerability. Several types of cells may interact with the incoming virus, including dendritic/
Langerhans cells and CD4 +  T cell targets. ( c ) The transmitted/founder virus is amplifi ed prior to 
adaptive immune pressure. Autologous neutralizing antibodies then develop against the transmit-
ted/founder Env. ( d ) Viral escape drives sequence divergence in Env, which results in altered gly-
cosylation and a new quasispecies       
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between plasma and semen in established infection (Pillai et al.  2005 ). The latter 
study also identifi ed genetic signatures of Env in semen that included an altered 
PNLG pattern when compared to the Envs from viruses circulating in plasma. Out 
of 7 individuals examined, 3 had more glycosylated Envs in semen, and 3 had less 
glycosylated Envs in semen, compared to plasma Env sequences. Using samples 
collected from heterosexual transmission pairs very close to the time of transmis-
sion, Boeras et al. examined the viral population present in the genital tract of 
female donors (Boeras et al.  2011 ). In this study of V1–V4 Env sequences, mixing 
between plasma and genital compartment, compartmentalization, and examples of 
clonal amplifi cation within the genital compartment were observed in the donor 
partners. Interestingly, the Env variant that was transmitted to the recipient partner 
was not derived from the major population in the donor genital tract. Instead, a 
minor variant, recovered from either plasma or the genital tract, appeared to have 
been transmitted. However, there were no systematic features of Env length or gly-
cosylation that could differentiate genital from plasma-derived Envs in this study. 
Hence, a clear and consistent difference in Env glycosylation has not been estab-
lished for replication in the genital compartment.  

4.1.6     CCR5 Utilization and HIV-1 Transmission 

 Env specifi city for the CCR5 coreceptor is by far the strongest phenotypic signature 
that has been associated with HIV-1 transmission to date. This is fi rmly supported 
by the observation that a deletion in the CCR5 gene (Δ32) protects against HIV-1 
acquisition and disease progression (Dean et al.  1996 ; Hoffman et al.  1997 ; Michael 
et al.  1997 ). The main determinant of coreceptor usage and tropism is the V3 domain 
in gp120, but other regions including V1V2 and gp41, can also infl uence tropism. 
While the number and pattern of PNLGs on Env has not been linked specifi cally to 
coreceptor usage, the presence of a conserved PNLG in the N-terminal region of V3 
(N301) has been associated with CCR5 utilization (Clevestig et al.  2006 ). 
Conversely, mutation of the N301 PNLG was associated with expanded coreceptor 
utilization (Pollakis et al.  2001 ; Polzer et al.  2002 ), although Env strain-dependent 
effects of glycosylation at this site have also been reported (Li et al.  2001 ). 

 In addition to CCR5 dependence, the majority of newly transmitted viruses also 
exhibit high dependence on the primary CD4 receptor (Alexander et al.  2010 ; 
Isaacman-Beck et al.  2009 ; Keele et al.  2008 ; Ochsenbauer et al.  2012 ; Salazar- 
Gonzalez et al.  2008 ; Wilen et al.  2011 ). Another common feature that has emerged 
from multiple studies is that acute or recipient Envs ineffi ciently mediate macro-
phage entry. This subsequent preference for CD4 +  T cells is also shared by chronic 
and donor Envs (Alexander et al.  2010 ; Isaacman-Beck et al.  2009 ; Keele et al. 
 2008 ; Ochsenbauer et al.  2012 ; Salazar-Gonzalez et al.  2008 ; Wilen et al.  2011 ). 
Overall, then, most HIV-1 Envs (from early or late infection) are dependent on 
CD4, preferentially infect CD4 +  T cells in vitro, and lack ready macrophage tropism. 
In a recent study of acute vs. chronic Envs from subtypes B and C, however, chronic 
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Envs more effi ciently utilized the inhibitor maraviroc-bound form of CCR5, compared 
to acute Envs, perhaps suggesting that subtle fl exibility in CCR5 utilization could be 
advantageous for replication in established infection and/or immune escape, but not 
transmission (Parker et al.  2013 ). One caveat is that such studies of acute vs. chronic 
Envs may be confounded by inadvertent bias in the selection of chronic envelopes. 
In Keele et al., an overrepresentation of clade B envelopes from subjects in Trinidad 
led to differences in sensitivity to monoclonal antibodies (mAbs) that could be 
attributed to a founder effect in this viral lineage (Collins- Fairclough et al.  2011 ; 
Keele et al.  2008 ; Wilen et al.  2011 ). Thus, geographic and temporal matching is 
important in studies that sample Env over time. Overall, CCR5 utilization signifi -
cantly impacts transmission, but a strong link between this property and Env glyco-
sylation patterns has not emerged.  

4.1.7     Glycans in HIV-1 Transmission 

 Besides CCR5 utilization, the strongest phenotypic properties of Env linked to sex-
ual transmission are shorter hypervariable domains and fewer PNLGs, specifi cally 
and consistently in newly transmitted HIV-1 subtype C Envs, and also in subtype A 
and D Envs in some instances (Chohan et al.  2005 ; Derdeyn et al.  2004 ; Haaland 
et al.  2009 ; Sagar et al.  2009 ). A difference in glycosylation has been more diffi cult 
to discern in subtype B transmission studies using donor–recipient or acute–chronic 
Env sequences (Chohan et al.  2005 ; Frost et al.  2005a ; Wilen et al.  2011 ). 
Nevertheless, in a sophisticated analysis by Gnanakaran et al. using more than 7,000 
subtype B acute and chronic Envs from several hundred infected subjects, statisti-
cally fewer PNLGs were present in acute gp120 sequences compared to chronic 
sequences (Gnanakaran et al.  2011 ). This was echoed in strong trends toward fewer 
PNLGs in the V1V2 domain and shorter V4 loop regions in the acute subtype B 
Envs. Furthermore, a highly signifi cant PNLG-dependent signature was found in 
the acute Envs, with the PNLG at position N413 in gp120 underrepresented in the 
acute Envs, when the analysis was restricted to individuals infected with a single 
variant. The N413 glycan is located in a fl exible portion of the V4 domain and lies 
proximal to residues involved in recognition by CD4-binding site (CD4bs) antibod-
ies and coreceptor binding, as well as two other PNLGs that are recognized by 
broadly neutralizing antibodies (N295 and N332) (see Sect.  4.2 ). The N413 PNLG 
is strongly associated with reduced sensitivity to neutralization by the CD4bs mAb 
b12, indicating a possible role in immune evasion. Interestingly, phenotypic studies 
performed by Wilen et al. also using acute/chronic Envs demonstrated that subtype 
B acute Envs were more sensitive to b12 than the chronic Envs, consistent with the 
study by Gnanakaran (Wilen et al.  2011 ). This phenotypic distinction between acute 
and chronic subtype B Envs was not observed in a previous study (Keele et al. 
 2008 ), though as discussed above, may be attributed to an overrepresentation of b12 
sensitive chronic Envs from Trinidad. 
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 In another recent study, again using more than 7,000 Env sequences, but including 
sets of acute vs. chronic and acute vs. 1-year longitudinal subtype C Envs, Moore 
et al. found that the PNLG N332 was underrepresented in newly transmitted sub-
type C Env sequences (Moore et al.  2012 ). This glycan is associated with sensitivity 
to neutralization by the PGT128 class of broadly cross-neutralizing (BCN) mono-
clonal antibodies (Kwong and Mascola  2012 ) (see Sect.  4.2 ), thus may also play a 
prominent role in immune evasion. Nevertheless, in an examination of N332 fre-
quency in approximately 1,000 Env sequences from 21 subtype A and C donor–
recipient pairs, a selection against this PNLG was not evident (C. Derdeyn and E. 
Hunter, unpublished data). Instead, the proportion of N332 sequences present in the 
donor dictated whether the recipient Env sequences contained N332 or not. 

 Taken together, this large collection of studies suggests that reduced glycosyl-
ation (and shorter length) in the gp120 hypervariable domains is a general feature of 
HIV-1 transmission. The selective transmission of viruses without specifi c glycans, 
such as N413 or N332, suggests that although advantageous during chronic infec-
tion, these glycans may reduce viral fi tness, perhaps by altering exposure of func-
tional domains such as the CD4bs. Liao et al. pursued this concept, extending it to 
the premise that acute Envs could be better immunogens than chronic Envs, and that 
studies of immunogenicity could yield further clues about the properties important 
for transmission. To this end, guinea pigs were immunized with a multi-clade panel 
of 20 Env gp140s representative of consensus, acute, and chronic Env sequences 
(Liao et al.  2013b ). Interestingly, acute Envs tended to elicit a broader but less 
potent response than consensus sequence based or chronic Envs, suggesting better 
exposure of conserved epitopes earlier in HIV-1 infection.  

4.1.8     Glycans in Mother to Child Transmission 

 MTC transmission of HIV-1, although signifi cantly reduced in recent years, remains 
a substantial source of pediatric viral infection. From chronically HIV-1-infected 
women, in the absence of antiretroviral therapy, transmission to an exposed infant 
occurs at a frequency of 5–10 % in utero, 20–30 % intrapartum (during delivery), 
and 10–20 % through breast milk feeding (Aldrovandi and Kuhn  2010 ). The bio-
logical mechanisms involved in vertical transmission remain largely undefi ned 
despite many studies. A major question that remains is whether infants exposed to 
maternal HIV-1 do not become infected because they are not subjected to a large 
enough viral inoculum, whether protective immune functions exist, or both 
(Aldrovandi and Kuhn  2010 ). MTC transmission is similar to sexual transmission in 
that the virus must traverse a mucosal surface. However, an important difference 
between sexual and MTC transmission is that maternal antibody is present at the 
time of infection, and may impose further selection upon transmitted viral variants. 
A complicating factor in studies of MTC transmission is that infection can occur 
through multiple routes, which are not always discernible, leading to diffi culty in 
the cross-comparison of fi ndings. 
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 Studies among subtype A-infected and C-infected infants suggest the preferential 
transmission of viral variants with shorter hypervariable loops and/or fewer PNLGs 
(Russell et al.  2011 ; Wu et al.  2006 ; Zhang et al.  2010 ), mirroring the features of 
sexually transmitted subtype A and C viruses (Chohan et al.  2005 ; Derdeyn et al. 
 2004 ; Haaland et al.  2009 ). In contrast, MTC transmission among subtype B and 
CRF01_AE viruses does not appear to select for these more compact less glycosyl-
ated viruses (Kishko et al.  2011 ; Samleerat et al.  2008 ) though differences in specifi c 
glycans may exist. For example, transmitted CRF01_AE viruses in infants were 
enriched for glycans at positions 301 and 384 (Samleerat et al.  2008 ). Subtype- 
specifi c factors, therefore, may exert an infl uence during MTC transmission. 
Furthermore, the route of transmission may also impact the bottleneck. Russell et al. 
showed that subtype C viruses transmitted to infants intrapartum had shorter variable 
loops and encoded fewer PNLGs in gp120, whereas viruses transmitted in utero did 
not (Russell et al.  2011 ). These discrepancies may refl ect the disruption of the pla-
cental barrier during intrapartum but not in utero transmission (Kwiek et al.  2008 ) 
and may suggest that fully glycosylated viruses are not effi ciently transmitted via 
mucosal routes (Russell et al.  2011 ). Overall, it seems clear that a single or a few 
variants are generally transmitted vertically across routes and viral subtypes (Kishko 
et al.  2011 ; Russell et al.  2011 ,  2013 ; Samleerat et al.  2008 ; Wolinsky et al.  1992 ; Wu 
et al.  2006 ) although some studies report more heterogeneous populations in the 
infant (Dickover et al.  2001 ; Verhofstede et al.  2003 ). Less consistent fi ndings have 
been reported regarding hypervariable loop length and Env glycosylation. Thus, a 
role for glycans in MTC transmission remains more ambiguous than for sexual trans-
mission, where glycan-related signatures are more consistently found across cohorts. 

 Genetic changes such as reduced loop length and reduced levels of glycosylation 
would suggest that viruses with these features might exhibit increased sensitivity to 
neutralization. Some but not all studies, however, have reported that maternal viral 
variants that are resistant to autologous neutralization (i.e., by maternal plasma anti-
bodies) are likely to be preferentially transmitted to the infant. A study of mothers 
infected with multiple HIV-1 subtypes that transmitted HIV-1 to their infants via 
breastfeeding showed that infants Envs were less sensitive to neutralization by 
maternal plasma and a panel of mAbs, suggesting that neutralization resistance was 
advantageous for transmission (Wu et al.  2006 ). Another study of a subtype C MTC 
perinatal transmission cohort also found that the newly transmitted infant viruses 
were less susceptible to neutralization by matched maternal plasma and the CD4bs 
mAb b12, as compared to contemporaneous maternal Envs (Zhang et al.  2010 ). 
Furthermore, the number of V1–V5 PNLGs was directly correlated with increasing 
sensitivity to neutralization by maternal plasma. In contrast, Russell et al., studying 
infants infected in utero and intrapartum did not fi nd a difference in neutralization 
sensitivity between subtype C mother and infant Envs using maternal autologous 
serum, mAbs, sCD4, and heterologous pooled plasma (Russell et al.  2011 ). Finally, 
in a study of fi ve subtype B MTCT pairs, a genetic bottleneck was observed with no 
evidence for resistance to neutralization (Kishko et al.  2011 ). 

 More recently, Goo et al. performed a detailed analysis on two MTC transmis-
sion pairs in which the infant Envs were previously found to be more resistant to 
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neutralization by maternal plasma than the maternal Envs (Goo et al.  2012 ). While 
mapping the antibody specifi cities that could have infl uenced transmission of cer-
tain variants, the authors found that neutralization by maternal plasma was indepen-
dent of PNLG N160, which can be a critical determinant of V1V2-directed BCN 
activity (i.e., the PG9 class of BCN antibodies). They also discovered that maternal 
antibodies did not target N332 (i.e., the PGT128 class of BCN antibodies). Overall, 
the authors concluded that multiple neutralization escape pathways, including alter-
ation of PNLGs but not specifi cally N160 or N332, contributed to neutralization 
resistance and MTC transmission in these pairs (see Sect.  4.2 ). 

 Additional glycan-dependent factors besides neutralization sensitivity could also 
infl uence MTC transmission (Cavarelli and Scarlatti  2011 ). A recent study of intra-
partum and in utero transmission suggested that effi cient in vitro utilization of 
DC-SIGN, a C-type lectin known to interact with glycans on gp120 (see Sect.  4.1.11 ), 
is not a defi ning feature of recently transmitted infant Envs (Borggren et al.  2013 ). 
In summary, MTC transmission does often involve a genetic bottleneck, but the phe-
notypic properties that are advantageous for vertical transmission have been diffi cult 
to defi ne because of the inherent complexity of this transmission mode and possible 
subtype differences. Finally, neutralization resistance (against circulating maternal 
antibodies) may play a more prominent role in MTC vs. sexual transmission.  

4.1.9     Glycan Profi les of Newly Transmitted vs. Chronic 
Infection Envs 

 Many of the analyses of Env glycosylation have been based on the presence or 
absence of a PNLG motif in the amino acid sequence, without knowing whether the 
site is actually glycosylated or not. More recently, the composition of glycans and 
the occupancy of PNLG sites in Env gp120 was analyzed biochemically in a small 
set of acute and chronic Envs (Go et al.  2011 ). In this preliminary study, one acute 
and one chronic Env each from subtypes B and C were analyzed to determine 
whether there were any hints of subtype-specifi c or acute vs. chronic differences in 
glycosylation. Interestingly, patterns of glycan occupancy in the two acute Envs 
were more similar to each other than to a chronic Env from the same subtype. The 
two acute Envs had an overall greater frequency of under-utilized PNLGs (>50 %) 
than the chronic Envs, perhaps providing more heterogeneity. Specifi cally, the 
N301 glycan in V3 implicated in coreceptor specifi city and the N332 glycan 
involved in neutralization sensitivity and possibly transmission were less occupied 
in the two acute Envs as compared to the chronic Envs. In addition, PNLGs within 
the vicinity of N413, also implicated in transmission, tended to be more occupied in 
the acute Envs. Furthermore, the subtype C Envs had high mannose glycans at 
N332/334 whereas the subtype B Envs had processed glycans. Overall, the acute 
Envs tended to contain more high mannose glycans on their outer domains than the 
chronic Envs, which could allow them to adopt distinct protein conformations. 
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More studies of this type involving a greater number of acute vs. chronic Envs, or 
donor vs. recipient Envs, and primary cell types, may shed additional light on how 
glycan occupancy, type, and position could infl uence transmission and other 
Env properties.  

4.1.10     The Role of the Integrin α4β7 in Transmission 

 The primary targets for establishing a new infection through sexual transmission are 
susceptible CD4 +  CCR5 +  T cells that have the capacity to disseminate virus from the 
mucosa to secondary lymphoid tissues and ultimately the GALT, where activated 
CD4 +  T cells sustain high level viremia during acute infection (Haase  2005 ). 
Upregulation of the α4β7 integrin is known to signal CD4 +  T cells to home to gut 
tissue (Wagner et al.  1996 ), and in acute SIV infection, virus is found predominantly 
in resting memory CD4 +  T cells that express α4β7 (Kader et al.  2009 ). The V1V2 
domain of Env gp120 contains a motif (residues 182–184) that mediates binding to 
α4β7 expressed on CD4 +  T cells (Arthos et al.  2008 ). Because viruses with shorter, 
less glycosylated V1V2 domains associate with transmission, several groups have 
recently investigated a potential link between these properties and a functional 
advantage mediated by α4β7 interaction. 

 Nawaz et al. found that monomeric gp120s from Envs from three recently 
infected individuals (two subtype C and one subtype A) bound more effi ciently to 
α4β7 in vitro than later Envs from the same individuals (Nawaz et al.  2011 ). The 
increased binding capacity was attributed to the absence of PNLGs in the terminal 
regions of V1V2 (i.e., those associated with transmission) and was accompanied by 
a preference for binding to a multimeric form of CD4 over monomeric CD4. This 
study suggested that the reduced glycosylation of recently transmitted Envs could 
facilitate a more effi cient interaction with α4β7 expressed on CD4 +  T cells within 
the genital mucosa, directing them to infect susceptible CD4 +  T cells that would 
then migrate to the gut. While hinged on an intriguing hypothesis, this study was 
based on a small number of Envs, was limited to monomeric gp120, and did not 
include any acute/chronic or donor/recipient Env panels. 

 Recently, Parrish et al. performed an in vitro study of α4β7 dependency using a 
large panel of acute vs. chronic subtype C HIV-1 Env pseudoviruses and full-length 
infectious molecular clones (Parrish et al.  2012 ). The acute/chronic Envs and viruses 
infected the same subsets of CD4 +  T cells in vitro; importantly, addition of high 
concentrations of anti-α4β7 antibody did not inhibit infection or replication in CD4 +  
T cells. Thus, this study did not support the concept that less glycosylated variants 
are transmitted because of a more effi cient interaction with α4β7, though such 
experiments may not fully reproduce the setting of mucosal transmission. 

 To further test a role for α4β7 in transmission and acute infection, Ansari et al. 
administered intravenously an anti-α4β7 antibody to rhesus macaques immediately 
before and 28 days after infection with SIVmac239 (Ansari et al.  2011 ). No protection 
was observed with the α4β7 antibody. The antibody-treated animals did, however, 
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exhibit a delayed peak of viremia, which was accompanied by 1.5–2 log lower peak 
levels of viral RNA in jejunal and colorectal tissues. Further support for a role for 
α4β7 engagement in seeding of the GALT during acute infection comes from a study 
in which an SIVmac239 mutant lacking fi ve “non-essential” PNLGs (N79, N146, 
N171, N460, N479) was inoculated intravenously into macaques, leading to differ-
ences in tissue distribution and pathogenicity (Sugimoto et al.  2012 ). During primary 
infection, SIVmac239 primarily targeted the transitional memory subset of CD4 +  T 
cells in secondary lymphoid tissue, whereas the mutant virus targeted effector mem-
ory CD4 +  T cells in the gut. These fi ndings are consistent with a study by Paiardini 
et al. demonstrating that in nonpathogenic SIV infection of sooty mangabeys, virus is 
found predominantly in effector memory CD4 +  T cells, and that sparing of central 
memory CD4 +  T cells is associated with the lack of disease progression in this natural 
host (Paiardini et al.  2011 ). The mechanism by which de- glycosylation of Env alters 
the CD4 +  T cell subset tropism of SIV is unknown, but could involve targeting virus 
to different subsets of CD4 +  T cells located in distinct tissue sites via glycan–lectin 
interactions. Supplementary nonhuman primate studies involving α4β7 blockade of 
mucosal SIV or chimeric SIV/HIV (SHIV) infection, or using Envs that have been 
mutated within the α4β7-binding motif or glycans in V1V2, will accelerate our under-
standing regarding the role this integrin plays in transmission and acute infection.  

4.1.11      C-Type Lectin Receptors in HIV-1 Transmission 

 C-type lectin receptors such as DC-specifi c ICAM3-grabbing nonintegrin 
(DC-SIGN), langerin, and dectin-1 are part of the human innate immune defense 
system against pathogens and are expressed by dendritic cells (including Langerhans 
cells) and macrophages (Sato et al.  2012 ). These lectin receptors recognize carbo-
hydrate moieties via conserved glycan recognition domains. Mannose-specifi c lec-
tin receptors such as DC-SIGN, langerin, and the mannose receptor (MR) can 
recognize Env gp120 (Mesman and Geijtenbeek  2012 ). Because dendritic cells and 
Langerhans cells reside in the genital mucosa, they are likely to be among the fi rst 
cells to encounter virus (van den Berg and Geijtenbeek  2013 ). Langerin capture of 
HIV-1 by immature Langerhans cells provides a barrier against mucosal infection 
by targeting the virus for degradation (Mesman and Geijtenbeek  2012 ). It is thus 
possible that Envs with reduced glycosylation, or a particular glycan array, could 
evade uptake by these antigen-presenting cells in the genital mucosa. Dendritic cells 
may also promote infection via binding of DC-SIGN followed by rapid migration to 
lymph nodes and viral transfer to susceptible CD4 +  T cells. DC-SIGN recognizes a 
fl exible arrangement of glycan moieties on the gp120 outer domain that partially 
overlaps the mannose patch formed by the epitope of the neutralizing antibody 
2G12 (Binley et al.  2004 ; Hong et al.  2007 ). In addition, DC-SIGN preferentially 
interacts with HIV-1 Envs that contain more high-mannose than complex carbohy-
drate structures in vitro, suggesting that a difference in glycan arrangements 
between acute and chronic Envs could conceivably infl uence transmission via this 
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mechanism (Lin et al.  2003 ). DC-SIGN-binding studies using gp120 derived from 
the highly transmissible, pathogenic CCR5-tropic SHIV SF162P3 demonstrated 
that a glycan at the N-terminal base of the V2 loop, which is lacking in the poorly 
transmissible parent SHIV SF162, conferred more effi cient binding to DC-SIGN, 
suggesting that this and other glycans could modulate mucosal transmissibility in 
vivo (Lue et al.  2002 ). However, Wilen et al. found no difference in DC-SIGN-
mediated transfer of infection to CD4 +  T cells in vitro between subtype B acute and 
chronic Env pseudoviruses (Wilen et al.  2011 ). Using subtype B and C infectious 
molecular clones derived from acute and chronic infection, however, Parrish et al. 
observed a modest difference in the effi ciency of capture by monocyte-derived den-
dritic cells and transfer to CD4 +  T cells (Parrish et al.  2013 ). Further studies will be 
required to understand whether C-type lectin receptors impose selective pressure on 
transmitted HIV-1 that is consistent with fewer glycans.   

4.2         Glycans in Immune Escape 

4.2.1     Neutralizing Antibodies in HIV-1 Infection 

 Neutralizing antibodies, those that prevent viral entry of host cells, are the major 
correlate of protection for vaccines to many pathogens. The development of a pre-
ventative HIV-1 vaccine will likely also require the elicitation of nAbs. Thus signifi -
cant efforts have been put forth to understand the development of nAbs in natural 
infection and the effect of such antibodies on circulating viral populations. Because 
glycans play a prominent and global role in immune evasion by HIV-1, and can also 
be effectively targeted by BCN antibodies, a considerable amount of attention has 
also been focused on understanding how carbohydrate moieties modulate suscepti-
bility to neutralization. 

 The fi rst detectable B cell responses to HIV-1 are antibody-virion complexes that 
arise as soon as 8 days after transmission, followed by anti-gp41-binding (non- 
neutralizing) antibodies at 13 days postinfection (Tomaras et al.  2008 ). These initial 
anti-gp41 antibodies are polyreactive and highly somatically mutated (Liao et al. 
 2011 ). Therefore, stimulation of memory B cells that previously recognized non- HIV 
antigens may occur during acute HIV-1 infection (Liao et al.  2011 ). The fi rst gp120-
specifi c antibodies develop later, at about 27 days after transmission (Tomaras et al. 
 2008 ). These initial anti-gp41 and anti-gp120-binding (non-neutralizing) antibodies 
do not exert any effect on viral load and do not appear to impose any detectable selec-
tive pressure on the early viral Envs (Keele et al.  2008 ; Tomaras et al.  2008 ). 

 In contrast to antibodies that bind to the highly immunogenic, nonfunctional 
forms of the envelope, which may serve as immunological decoys (Moore et al. 
 2006 ), nAbs recognize epitopes present on functional Env spikes. The binding of 
nAbs to Env either blocks attachment to the host cell or prevents the conformational 
changes needed by both gp120 and gp41 for receptor binding and fusion to occur, 
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thereby preventing HIV-1 infection (Wyatt et al.  1998 ). Autologous nAbs generally 
develop by 12–20 weeks after infection, allowing the virus ample time to establish 
infection before encountering this arm of the humoral immune response (Delwart 
et al.  1997 ; Gray et al.  2007a ; Li et al.  2006 ). Nonetheless, the pressure that early 
nAbs exert on the viral population is substantial, and the virus consequently and 
continually evolves to escape (Bar et al.  2012 ; Bradney et al.  1999 ; Delwart et al. 
 1997 ; Frost et al.  2005b ; Mahalanabis et al.  2009 ; Moore et al.  2009 ; Richman et al. 
 2003 ; Rong et al.  2009 ; Wei et al.  2003 )   . Together, in a recurring evolutionary “arms 
race,” both virus and antibody adapt in response to each other. This rapid viral 
escape, a direct consequence of the error-prone viral reverse transcriptase, occurs in 
the form of simple mutational variation, insertions, and deletions within the hyper-
variable domains (Murphy et al.  2013 ; Rong et al.  2007 ,  2009 ; Sagar et al.  2006 ), 
conformational masking of immunogenic targets (Kwong et al.  2002 ), and steric 
alteration and positioning of carbohydrate moieties (Wei et al.  2003 ).  

4.2.2     The Evolving Glycan Shield 

 In 2003, the initial idea of a heavily glycosylated “silent” face that failed to elicit 
nAbs to “self” (Wyatt et al.  1998 ) was extended to show that a repertoire of rapidly 
evolving and potent antibodies were elicited to non-glycan components of the 
envelope, but were easily escaped by shifting glycans that could sterically hinder 
antibody access to epitopes without compromising receptor binding (Wei et al.  2003 ). 
Until recently, our understanding of the role of glycans in HIV-1 immune escape was 
based on this “evolving glycan shield” that generally protects underlying regions of 
vulnerability (Fig.  4.3 ).

   In parallel, the targets of these early strain-specifi c nAbs have now been well- 
defi ned, as have the pathways to neutralization escape. Autologous nAbs evolve 
sequentially early in infection with each mutational specifi city driving viral escape 
(Moore et al.  2009 ; Rong et al.  2009 ). Viral escape can result in the lack of stimula-
tion for the previous set of cognate B cells, but neutralizing activity against the 
transmitted/founder and early escape Envs often persists, and de novo responses to 
escape variants subsequently arise. The major targets of these early nAbs are gener-
ally the variable and well-exposed regions of the HIV-1 envelope (V1V2, C3, and 
the base of V3; Fig.  4.3 ). The targeting of these sequence-variable regions enables 
rapid viral escape, with distinct viral escape pathways discernable within each sub-
ject during early HIV-1 infection (Moore et al.  2009 ; Rong et al.  2009 ). A recent 
study by Bar et al. suggests that viral escape from nAbs may occur in response to 
very low titers between 1:20 and 1:50, barely detectable in vitro, occurring as soon 
as 2 weeks after infection (Bar et al.  2012 ). In particular, changes in glycans in the 
V1V2 region play a major role in neutralization resistance (Cao et al.  1997 ; 
Chackerian et al.  1997 ; Lynch et al.  2011 ; Moore et al.  2009 ; Pinter et al.  2004 ; 
Rong et al.  2007 ,  2009 ; Sagar et al.  2006 ; Stamatatos and Cheng-Mayer  1998 ; Wyatt 
et al.  1995 ), perhaps by shielding underlying epitopes especially in the CD4bs and 
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the V3 region (Ching et al.  2008 ; Gray et al.  2007a ; Ly and Stamatatos  2000 ; Pinter 
et al.  2004 ; Sagar et al.  2006 ; van Gils et al.  2011 ). Interestingly, a report suggesting 
that humoral immune pressure has driven an overall increase in the resistance of 
HIV-1 to nAbs, particularly those targeting the CD4bs, attributed resistance largely 
to a increase in length and glycan density of the V1 region (Bunnik et al.  2010 ). 

 The genetic bottleneck described above in some cases selects for viral variants 
with shorter, less glycosylated hypervariable loops. This is followed by an early 
increase in glycan density after infection (Bunnik et al.  2008 ; Curlin et al.  2010 ). 
This observation is consistent with a transmission advantage for compact and less 
glycosylated viruses (as discussed above), with that advantage soon offset by the 
need for circulating viruses to acquire resistance to developing neutralizing antibod-
ies (Curlin et al.  2010 ) (Fig.  4.2 ). Interestingly, the density of glycans may decrease 
slightly during late HIV-1 infection, suggesting that the humoral immune system 
can no longer mount effective de novo nAb responses after years of chronic infec-
tion (Bunnik et al.  2008 ; Curlin et al.  2010 ). Although changes in glycan position 
and density are not confi ned to sequence variable regions, PNLGs in conserved 
regions appear to be more constrained to certain positions (e.g. N88, N197, N262 in 
gp120 constant regions, N301 in V3, and N611, N616, N637 in gp41), suggesting 
that these glycans are key for the structure and function of the envelope trimer 
(Bunnik et al.  2008 ). 

  Fig. 4.3    Surface view of a gp120 homology model showing areas that are unshielded by glycans. 
Three 90° rotations of a subtype C homology model show areas on the gp120 monomer that are 
less densely glycosylated and thus “unshielded.” ( a ) The inner domain ( grey ) of gp120 is sparsely 
glycosylated to facilitate ease of trimer association. ( b ) The outer domain is cloaked by a mass of 
N-linked glycans. ( c ) The CD4 ( light green ) and coreceptor ( yellow ) binding sites are unshielded 
to facilitate receptor binding. This homology model was generated by threading a subtype C gp120 
sequence onto a structural alignment of the JR-FL gp120, HXBc2 gp120, CAP210 gp120, and 
CAP45 V1V2 region crystal structures (PDB ID: 2B4C, 3JWD, 3QAD, and 3U4E, respectively). 
All glycans are depicted as  purple spheres  except for N156 ( green spheres ), N160 ( blue spheres ), 
N301 ( red spheres ), and N332 ( orange spheres ). This homology model was generated using 
the SWISS-MODEL Server (Schwede et al.  2003 )    and N-linked glycans were modeled using 
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 The presence or absence of a glycosylation sequon provides a simple measure of 
the glycan density, however as described above, some sites may not be completely 
utilized. Furthermore, an additional layer of detail comes from the variable process-
ing of glycans on the HIV-1 Env. The enormous density of glycans on Env gp120 
can result in incomplete enzymatic processing of glycans. The likelihood of consid-
erable heterogeneity in glycan processing probably results in a mixture of oligo-
mannose and complex glycans in some cases (Go et al.  2011 ). The packing and 
form these glycans take may also impact neutralization resistance and escape. For 
example, complex glycans ring the CD4bs, providing steric protection from nAbs 
(Fig.  4.3 ) (Schief et al.  2009 ). Altering the processing of these glycans (by produc-
ing viruses in cells lacking  N -acetylglucosamine transferase I, the enzyme that initi-
ates the conversion of oligomannose N-glycans into complex N-glycans) results in 
oligomannose glycans rather than complex glycans, and enhanced neutralization by 
CD4 and V3-binding mAbs (Binley et al.  2010 ). Similarly, antibodies like the BCN 
mAb PG9 (see below), which interact with fi ve of the seven saccharide residues on 
a Man 5 GlcNAc 2  glycan at residue N160, are likely to be profoundly affected by 
heterogeneous processing at this site. A larger glycan is likely to clash with the 
antibody light chain, while a shorter glycan may not reach effectively between the 
tip and base of the PG9 CDR H3 (McLellan et al.  2011 ).  

4.2.3     The Glycan Shield as a Target of Neutralizing Antibodies 

 Unlike autologous nAbs, which develop in almost all HIV-1-infected people, the 
development of BCN antibodies, those with the capacity to neutralize heterologous 
viruses across diverse genetic subtypes, occurs only in about a quarter of HIV-1- 
infected people (Euler et al.  2010 ; Gray et al.  2011a ; Piantadosi et al.  2009 ; Sather 
et al.  2009 ; Walker et al.  2009 ,  2011 ). Recently, there has been intense interest in 
mapping the targets of BCN antibodies in polyclonal sera, and in isolating and char-
acterizing BCN mAbs from infected subjects in the hope of delineating and better 
understanding viral vulnerabilities which might be targeted by a vaccine. These 
studies have shown that the majority of BCN activity is due to antibodies that target 
four sites on the HIV-1 Env (Kwong and Mascola  2012 ). These include the CD4bs 
(defi ned by the mAbs IgG1b12, VRC01, HJ16, CH31), the gp41 membrane proxi-
mal external region (mAbs 4E10, 2F5, 10e8), a peptidoglycan epitope at the base of 
the V3 loop (mAbs 2G12, PG121, PGT128, PGT135), and a peptidoglycan epitope 
in the V2 region (mAbs PG9, PG16, PGT141-145, CH01-04) (Burton et al.  1994 ; 
Gray et al.  2007b ; Muster et al.  1993 ; Trkola et al.  1996 ; Walker et al.  2009 ,  2011 ; 
Wu et al.  2010 ; Zwick et al.  2001 ). 

 Increasingly, with the identifi cation of mAbs and polyclonal plasma targeting 
the latter two sites, it has become clear that in addition to protecting underlying 
epitopes, the glycan shield may itself also serve as a target for nAbs. The depen-
dence of BCN mAb 2G12 on the glycan at N295 was defi ned as early as 1996 
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(Trkola et al.  1996 ). More recently, crystal structures of PGT127 and PGT128 show 
that these mAbs penetrate the glycan shield, recognizing high mannose glycans at 
residues N301 and N332 (Fig.  4.3 ), in addition to a short β-strand in the C-terminus 
of the V3 loop (Pejchal et al.  2011 ), although more than one mode of recognition of 
this site exists (Pancera et al.  2013 ). The structure of BCN mAb PG9 in complex 
with a scaffolded V1V2 domain suggests that this class of antibodies similarly 
interacts with glycan residues at N156 and N160 (Fig.  4.3 ), but also depends on 
backbone interactions with the C-beta strand of V2 (McLellan et al.  2011 ). The 
conserved nature of these glycan residues suggests that these sites could be impor-
tant vaccine targets. Furthermore, both epitopes are immunogenic as N332- and 
N160-dependent BCN antibodies are often found in infected subjects who develop 
neutralization breadth (Gray et al.  2011a ; Nandi et al.  2010 ; Tang et al.  2011 ; 
Walker et al.  2010 ,  2011 ).  

4.2.4     Viral Escape from Broadly Neutralizing Antibodies 
May Result in the Deletion of Key Glycans 

 Data on viral escape from nAbs targeting conserved epitopes is limited, as many 
individuals who developed BCN antibodies were identifi ed in cross-sectional 
cohorts of chronically infected individuals. Sather et al. highlighted the likelihood 
of constantly evolving titers and specifi cities indicative of viral escape from BCN 
antibodies (Sather et al.  2009 ). In a recent study of autologous viral populations 
in the subject from whom the VRC01 mAb was isolated, effi cient and ongoing 
viral escape, with viruses resistant to contemporaneous neutralization was 
described in parallel with ongoing evolution of the BCN CD4bs antibody response 
(Wu et al.  2012 ). Similarly in an individual that developed potent and broad PG9/
PG16-like antibodies (Moore et al.  2011 ) Moore et al. recently documented rapid 
and effective viral escape from nAbs with extremely high titers exceeding 1:40,000 
(Moore et al.  2013 ). The possibility of viral escape, even from BCN antibodies 
targeting highly conserved epitopes, is consistent with the fact that the develop-
ment of such antibodies does not confer a clinical benefi t to those individuals 
(Boliar et al.  2012 ; Euler et al.  2010 ; Gray et al.  2011a ). This suggests that viral 
escape from BCN antibodies might not incur signifi cant fi tness costs (van Gils 
et al.  2010 ). Nonetheless, the opposite has also been reported with escape from 
CD4bs antibodies thought to result in a fi tness cost (Sather et al.  2012 ). As with 
viral escape from strain-specifi c nAbs, escape from BCN antibodies can occur via 
multiple pathways. These include the addition of mutations at key non-glycan 
sites, such as R166 or K169 for V2-directed broadly neutralizing antibodies 
(Moore et al.  2013 ). However, in subjects with glycan-dependent PG9 or PGT128 
like antibodies, the loss of glycans at position N160 or N332 has been reported 
(Moore et al.  2012 ).  
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4.2.5     The Interplay Among Strain-Specifi c Antibodies, Broadly 
Neutralizing Antibodies, and Viral Evolution 

 V1V2, C3, and the base of V3 are targets of both strain-specifi c early antibodies and 
later BCN antibodies (Gray et al.  2011b ; Lynch et al.  2011 ; Moore et al.  2008 ,  2009 ; 
Rong et al.  2009 ; Tomaras et al.  2011 ; Walker et al.  2009 ,  2010 ,  2011 ), yet the rela-
tionship between these antibodies and their impact on autologous viral evolution 
has not been fully characterized. Moore et al. recently described how immune 
escape from strain-specifi c antibodies targeting the C3 region in subtype C HIV-1 
infection, drives the formation of epitopes for BCN antibodies (Moore et al.  2012 ). 
In two individuals, who developed BCN antibodies dependent on the N332 glycan, 
the infecting virus did not contain this conserved glycan. However, by 6 months 
after infection the N332 glycan was inserted to mediate viral escape from strain- 
specifi c nAbs. The observation that the N332 glycan was signifi cantly less common 
among acute viruses compared to chronic viruses suggests this could be a common 
pattern of evolution (Moore et al.  2012 ). However, in many cases where a similar 
pattern of evolution was observed, infected individuals did not go on to develop 
neutralization breadth (Moore et al.  2012 ). In another study of autologous nAbs and 
viral escape in subtype A infection by Murphy et al., N332 was present in the infect-
ing viral Env but did not elicit an nAb response. In this subject, an opposite shift 
from N332 to N334, conferred escape from later autologous nAbs. However, the 
N334 glycan did not drive the development of heterologous neutralization breadth. 
These data highlight the fact that, as with non-glycan epitopes, exposure to a viral 
Env that contains a specifi c glycan does not guarantee that nAbs will target that 
particular site (Moore et al.  2012 ; Murphy et al.  2013 ). Thus, although viral factors 
certainly play a role in the development of breadth, other factors that are yet to be 
identifi ed are also involved.  

4.2.6     Glycans Shape Elicitation of Strain-Specifi c and Broadly 
Neutralizing Antibodies 

 The increasing understanding of the dynamic relationship between viral evolution 
and host responses suggests that changing viral variants may shape the elicitation of 
both strain-specifi c and broadly neutralizing responses. The fi ndings that escape 
from strain-specifi c nAbs resulted in the formation of epitopes for broadly neutral-
izing antibodies (Moore et al.  2012 ) has added further weight to the concept that 
exposure of the immune system to sequential HIV-1 Env variants with accumulating 
escape mutations may shape the development of heterologous breadth from the 
autologous nAb response (Mahalanabis et al.  2009 ; Malherbe et al.  2011 ; Murphy 
et al.  2013 ; Pissani et al.  2012 ). The Moore et al. study highlighted one possible 
pathway for the development of epitopes, through common targeting of the same 
region by early strain-specifi c and late broadly neutralizing antibodies targeting C3. 

4 Role of HIV Glycans in Transmission and Immune Escape



104

Similarly in a subtype C-infected individual, the common targeting of the C-strand 
of V2 by strain-specifi c and BCN antibodies, and the rapid evolution of breadth 
(within 11 weeks) highlighted the possibility that early nAbs rapidly matured to 
acquire breadth (Moore et al.  2013 ). However, in both of these studies, it remains 
unclear whether the broadly neutralizing antibodies were somatic variants of the 
earlier antibodies, as was recently demonstrated for the broadly neutralizing CD4bs 
mAb CH103 (Liao et al.  2013a ). Pursuing a similar hypothesis, Murphy et al. exam-
ined the interplay between strain-specifi c mAbs and viral escape variants in a sub-
type A-infected individual (Murphy et al.  2013 ). In this study, early escape mutations 
appeared to drive a modest increase in the ability of somatically related mAbs to 
neutralize multiple autologous Env variants (Murphy et al.  2013 ). This increased 
capacity to neutralize autologous variants was attributed to changes within the anti-
body light chain variable domain. This concept is further supported by data from a 
subtype C-infected individual who develops three distinct BCN antibody specifi ci-
ties (Wibmer et al., unpublished data). The fi rst of these targets the N160 glycan in 
V1V2. Viral escape from this antibody occurred, initially, through deletion of that 
glycan, resulting in the exposure of the CD4bs, the target of the second wave of 
BCN antibodies. Thus, in this case, the evolution of sequential glycan escape vari-
ants resulted in increased neutralization breadth (Wibmer et al., unpublished data). 
These studies suggest that more information is needed about how the initial targets 
of autologous nAbs in natural infection and the ensuing viral escape pathways shape 
neutralization breadth, leading to the stepwise development of very broad responses 
in a subset of infected individuals but very low levels of breadth in others.   

4.3     Conclusions 

 A genetic bottleneck that reduces the number of viral variants transmitted from a 
complex quasispecies has been a recognized feature of HIV-1 transmission for 
almost 2 decades. Since then, we have learned that less glycosylation in the Env 
gp120 hypervariable domains, and the absence of specifi c glycans such as N332 and 
N413 on the outer domain, may be advantageous for sexual transmission in some 
settings. Even more recently, other common themes have emerged, including subtle 
differences in exposure of the CD4bs and CCR5 utilization, which could be modu-
lated by the state of glycosylation. Finally, it will be important to determine whether 
during transmission and the establishment of a new infection, the virus is directed to 
interact with a particular cell type or infect a specifi c subset of CD4 +  T cells by the 
type and position of glycans on Env gp120. Glycans have also long been known to 
contribute to viral escape from nAbs in HIV-1 infection. More recently, it has become 
increasingly clear that this glycan shield may, paradoxically, also form part of con-
served neutralization epitopes. Mounting evidence suggests that early strain- specifi c 
neutralizing antibodies may, in some cases, mature to acquire breadth by targeting 
conserved glycans. This maturation is likely driven, in part, by concomitant viral 
evolution shaping the changing specifi cities. Despite these advances, a better 
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appreciation of the evolution of glycan-dependent BCN antibodies remains an 
important goal for the fi eld if such specifi cities are to provide a viable vaccine target. 
Perhaps the fi eld is fi nally moving closer to a discernible relationship between Env 
glycans, neutralization sensitivity, CD4bs exposure or conformation, CCR5 utiliza-
tion, and transmission that will lead to novel protective vaccination strategies.     
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    Abstract     Human immunodefi ciency virus 1 (HIV-1) currently infects over 34 million 
people across the world and remains one of the greatest global public health burdens 
despite the development of highly active antiretroviral therapy. An effective prophy-
lactic vaccine is therefore greatly needed but remains elusive due to HIV-1’s ability 
to evade the immune system. The isolation of potent, broadly neutralizing antibod-
ies (bnAb) from infected individuals suggests a vaccine might in principle be possible. 
Structural characterization of such antibodies in complex with component pieces of 
the heavily glycosylated envelope glycoprotein gp160 (Env) is providing informa-
tion critical for the design of more effective immunogens. Recently, a number of 
glycan-dependent bnAbs have been isolated that are very potent. Four of these 
bnAbs have been structurally characterized in complex with their glycosylated 
antigens. In this chapter, we describe the different binding modes of these glycan-
dependent antibodies and how they defi ne novel sites of vulnerability that can be 
used for design of a new generation of glycosylated immunogens.  
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5.1         A Pressing Need for a Protective Vaccine 

 According to the latest estimates by the World Health Organization, human 
 immunodefi ciency virus 1 (HIV-1) infects 2.4 million people and kills 1.8 million 
people globally every year (WHO  2011 ). Without a protective vaccine, HIV-1 will 
long remain a critical global public health burden. Vaccines can be designed primar-
ily to elicit antibody responses (e.g., subunit vaccines), cytotoxic T-cell responses 
(e.g., DNA vaccines), or both (chemically inactivated or live-attenuated viruses). 
For most vaccines against viral pathogens, neutralizing antibodies are the primary 
correlate of immune protection (Plotkin  2010 ) and, in simian HIV (SHIV) models, 
passive transfer of broadly neutralizing antibodies (bnAb) confers protection against 
viral challenge (Mascola et al.  1999 ,  2000 ; Baba et al.  2000 ). These results suggest 
it may be possible to develop a protective Env vaccine that elicits bnAb responses.  

5.2     HIV-1 Envelope Glycoprotein and Sites of Vulnerability 

    HIV-1 has only one surface-exposed viral protein, the homotrimeric envelope 
 glycoprotein gp160 (Env), which mediates cell entry, and therefore represents the 
only target for the humoral immune response. Unfortunately for vaccine develop-
ment, Env is the most genetically diverse gene within an already highly diverse 
HIV-1 genome, thereby representing an effective and effi cient evolutionary mecha-
nism to escape from the adaptive immune responses. Nevertheless, a structural and 
functional understanding of the Env protein and its recognition by bnAbs has 
uncovered some exciting new opportunities for vaccine design. 

 During viral maturation, Env is activated by furin cleavage (Hallenberger et al. 
 1992 ) into a receptor-binding domain, gp120, and a fusion-mediating, transmem-
brane domain, gp41, which is a type-1 viral fusion protein (Colman and Lawrence 
 2003 ). The activated Env components remain non-covalently associated in a meta-
stable trimer of heterodimers poised to undergo the extensive conformational rear-
rangements required for membrane fusion (Freed  2001 ). Assembly of a functional 
Env is not effi cient: dimers, malformed trimers, and higher-order aggregates that 
cannot mediate viral fusion are common (Moore et al.  2006 ; Crooks et al.  2011 ). 
Furthermore, once assembled, Env is prone to shedding its gp120 components, 
resulting in nonfunctional Env (Schneider et al.  1986 ), thus diverting the immune 
response away from functional trimeric Env and making structural characterization 
of a stable trimer much more diffi cult. 

 Despite these challenges, crystal structures have been determined for peptide 
fragments, gp120 core monomers, and scaffolded gp120 and gp41 loops from a 
variety of viral strains, bound to antibodies and/or receptors (some examples are 
Kwong et al.  1998 ,  2000a ; Calarese et al.  2003 ; Cardoso et al.  2005 ; Huang et al. 
 2005 ,  2012 ; Zhou et al.  2007 ,  2010 ; McLellan et al.  2011 ; Pejchal et al.  2011 ; Kong 
et al.  2013 ). These high-resolution structures can then be used to fi t into the electron 
microscopy (EM) reconstructions of Env and Env complexes to give at least a low 
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resolution picture of the Env architecture and interaction with antibodies or receptor 
(Fig.  5.1 ) (Zhu et al.  2006 ,  2008 ; Liu et al.  2008 ; Harris et al.  2011 ; McLellan et al. 
 2011 ; Pejchal et al.  2011 ; Tran et al.  2012 ; Kong et al.  2013 ; Julien et al.  2013a ). 
The gp120 glycoprotein has an overall globular fold with fi ve highly variable loops 
(V1–V5) extending from its core (Kwong et al.  1998 ). The core can be divided into 
two structural regions: an inner domain consisting of a bundle formed by two  helices, 
2 strands, and a 5-stranded β-sandwich, and an outer domain consisting of  stacked 
double β-barrels consisting of six and seven strands. The axes of the outer barrel and 
inner bundle are approximately parallel. The outer domain faces away from the tri-
mer, and is decorated by most of the 16–32 Asparagine (N)-linked glycans found on 
gp120. The N-linked glycans are coded by sequons, Asn-x-Thr or Asn-x-Ser, where 
x can be any amino acid except proline (reviewed in Schwarz and Aebi  2011 ). While 
no current high resolution gp120 structures include the V1–V2 region, crystal struc-
tures of two scaffolded V1–V2 loop regions show they adopt a surprisingly compact, 

  Fig. 5.1    Combining 
structural information from 
crystallography and 
microscopy. Docking of the 
crystal structure of Fab PGT 
128 in complex with gp120 
outer domain into a negative 
stain electron micrograph 
reconstruction of Fab PGT 
128 bound to gp120 trimer. 
The top view is looking down 
on the threefold axis of the 
trimer, while the bottom view 
is from the side. The EM 
envelope is shown in  blue , 
with the Fab structure shown 
in  blue  and  white ribbons , 
and the outer domain in  red . 
Glycans are shown in  yellow . 
This fi gure was previously 
published in Pejchal et al. 
( 2011 )       
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β-sheet core with smaller than anticipated actual V1 and V2 loops (McLellan et al. 
 2011 ). The V3 loop, on the other hand, appears to be quite fl exible along its length 
in several different crystal structures and adopts an extended, β-hairpin structure 
(Stanfi eld et al.  2004 ,  2006 ; Huang et al.  2005 ). During viral entry, the CD4 receptor 
binds to a conserved region on the gp120 core consisting primarily of the outer 
domain as well as a portion of the inner domain followed by binding to a coreceptor 
(typically chemokine receptors CCR5 or CXCR4). Together, these binding events 
are thought to initiate conformational rearrangements whereby gp41 mediates fusion 
of the host and viral membranes (reviewed in Knipe and Howley  2007 ).

   Epitopes on Env for bnAbs tend to cluster around particular regions or “sites 
of vulnerability” important for the viral functions described above. The best- 
characterized site of vulnerability is the CD4 receptor-binding site, which is  targeted 
by some of the most potent and broadly neutralizing antibodies isolated to date (Wu 
et al.  2010 ). Due to its important viral function, the CD4-binding site must be 
exposed and relatively conserved in order to engage the host cell receptor for viral 
entry. However, this region is recessed within the trimer and encircled by N-linked 
glycans; only antibodies that approach the region from the “correct” angle of 
approach can bind and neutralize, a constraint that presents a formidable challenge 
for vaccine design. A second site of vulnerability is the membrane proximal region 
(MPER) on gp41 where antibody binding may interfere with viral membrane fusion. 
Unlike the CD4-binding site, this epitope region contains continuous linear 
sequences of amino acids, as shown by several antibody-MPER peptide complex 
structures (Ofek et al.  2004 ; Cardoso et al.  2005 ,  2007 ; Julien et al.  2008 ; Montero 
et al.  2008 ; Huang et al.  2012 ); however, whether additional parts of gp120 or gp41 
are included in these overlapping epitopes is unclear. The MPER is also somewhat 
recessed, in this case between the membrane and the rest of gp41 and gp120, and 
thus its proximity to the membrane may also raise issues of membrane recognition 
and autoimmunity (Haynes et al.  2005 ; Liao et al.  2011 ; Chang et al.  2012 ). 

 Originally thought to be immunologically silent, the large surfaces on Env covered 
with N-linked glycans have recently been shown to contain epitopes that are  targeted 
by bnAbs from human patients and non-human primates (Calarese et al.  2003 ; 
Walker et al.  2009 ,  2011a ,  b ; Gray et al.  2011 ; McLellan et al.  2011 ; Mouquet et al. 
 2011 ; Pejchal et al.  2011 ). A number of these glycan-recognizing bnAbs have been 
isolated and are just as potent and broad as the best bnAbs against glycan-free sites. 
Recently, several of these antibodies have been structurally characterized by X-ray 
crystallography and EM (Calarese et al.  2003 ; McLellan et al.  2011 ; Pejchal et al. 
 2011 ; Kong et al.  2013 ; Julien et al.  2013a ,  b ).  

5.3     Anti-glycan Antibodies 

 In 1998, the Katinger group isolated three of the four most potent and broadly 
 neutralizing antibodies known at that time, human bnAbs 2F5, 4E10 and 2G12 
(Kunert et al.  1998 ). 2G12 was somewhat of a mystery, as mutations designed to 
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remove N-linked glycans on recombinant gp120 abolished 2G12 binding but, as 
the glycans were self, they would not normally have been considered immunogenic. 
In 2003, the crystal structure of 2G12 revealed that it had a remarkable tertiary 
structure, where the variable heavy chain (V H ) domains of the two Fab fragments in 
a single IgG were domain swapped, and that it did, indeed, bind carbohydrate, as 
vividly illustrated in complexes of 2G12 with several different high mannose  sugars, 
including GlcNAc 2 Man 9  (Calarese et al.  2003 ). These fi ndings launched a multitude 
of studies into antibody recognition of carbohydrate, and many creative attempts to 
create a carbohydrate-based vaccine (for review of this subject see Kong et al.  2012  
and Chap.   6    ). Then, in 2009, a concerted effort to discover new broadly neutralizing 
antibodies in the serum of elite neutralizing patients led to the discovery of many 
more glycan-dependent antibodies (Walker et al.  2009 ,  2011a ; Corti et al.  2010 ; Wu 
et al.  2010 ; Bonsignori et al.  2011 ; Mouquet et al.  2011 ). In these panels, carbohy-
drate-binding antibodies were represented in members of the PGT 121, PGT 128, 
PGT 135, PGT 141 and PG9/PG16 families. The PGT 121, 128 and 135 families of 
antibodies recognize an epitope involving a glycan at N332 at the base of the V3 
loop, while the PG9/PG16 and PGT 141 families recognize an epitope involving the 
N160 glycan in the V1/V2 region. Remarkably, all of these new antibodies  utilize 
unusual structural features to target their glycan epitopes, including post-transla-
tional modifi cations, long complementarity determining region (CDR) H3 loops, 
and novel insertions and deletions in their CDRs. These antibodies are all highly 
potent and broadly neutralizing and   , when compared in the same neutralization 
assay against a cross-clade panel of 162 pseudoviruses (Walker et al.  2011a ), they 
have extremely low median IC 50  values (in μg/mL) of 0.02 for PGT 128, 0.17 for 
PGT 135, and 0.23 for PG9 compared to 2.38 for 2G12, while retaining consider-
able breadth at an IC 50  of less than 50 μg/mL (33 % neutralization of the panel by 
PGT 135 and 32 % by 2G12, 72 % by PGT 128 and 77 % by PG9). 

5.3.1     2G12 

 The 2G12 IgG has a unique domain-swapped structure, where the V H  domain from 
each of the two Fab fragments in the IgG swap with the neighboring Fab, resulting 
in an antibody with two side-by-side and tightly intertwined Fab fragments (Calarese 
et al.  2003 ) (Fig.  5.2a ). The overall shape of the resultant IgG is linear, rather than 
the common Y-shape seen for typical IgG molecules. The Fab fragments pack 
tightly against each other via a novel V H –V′ H  interface. Several unusual mutations 
in 2G12 are critical for promoting the domain swap, including a Pro at position 
H113 in the elbow region, an Ala at position H14, Glu at H75, as well as an Ile at 
H19 in the V H –V′ H  interface (Huber et al.  2010 ). While wild-type 2G12 is heavily 
somatically mutated (38/16 somatic mutations at the amino acid level in the heavy/
light chains), introducing as few as 5–7 of the wild-type mutations into germline 
2G12 heavy chain is suffi cient to induce dimerization of the Fabs (Huber et al. 
 2010 ). Structures of 2G12 in complex with high-mannose glycans show that the 
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  Fig. 5.2    Broadly neutralizing anti-HIV antibodies that recognize carbohydrate epitopes. The four 
Fabs, 2G12, PG9, PGT 135 and PGT 128, are all shown with their light chains in  cyan  and heavy 
chains in  dark blue  (and  dark green  for 2G12). The H3 CDR loop is colored  red , and gp120 
 constructs are colored  light green . The glycans are shown as ball-and-stick models with  yellow  and 
 red  carbon and oxygen atoms, respectively. ( a ) 2G12 uses a domain swap of its variable heavy 
chain domains to create an interlocked dimer of Fabs. This domain swap results in four potential 
binding sites for carbohydrates, two in the normal antigen-binding sites, and two more at the V H –
V H ′ interfaces. ( b ) PG9 binds to a scaffolded V1/V2 construct with its very large hammerhead 
CDR H3 loop, interacting with two glycans attached to Asn160 and Asn156 in the CAP45 strain. 
In a related structure with the ZM109 strain, a different but spatially close glycan (at position 173) 
binds in place of that at 156. ( c ) PGT 135 binding to the gp120 core, primarily contacting glycans 
at N332 and N392. ( d ) PGT 128 is shown binding to a gp120 outer domain construct. The glycans 
 contacted are from positions N332 and N301       
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2G12 antigen-binding site interacts with the terminal Manα1,2Man residues from 
the D1 arm of GlcNAc 2 Man 9  (Calarese et al.  2003 ,  2005 ). In the crystal structure 
with GlcNAc 2 Man 9 , the D2 arm from a crystallographic symmetry-related complex 
also binds into a pocket formed at the V H –V H ′ interface, suggesting that 2G12 may 
interact with anywhere from 2 to 4 high mannose sugars on the viral Env. Several 
studies (Trkola et al.  1996 ; Sanders et al.  2002 ; Scanlan et al.  2002 ) have implicated 
sugars at positions N262, N295, N332, N339, N386, N392, and N448 as being 
important for 2G12 binding. Thus, 2G12 has capitalized on its unusual domain- 
swapping to create a multivalent binding site for multiple glycan moieties with no 
apparent protein–protein interactions. The interactions in the two primary combining 
sites bury a total of 804 Å 2  on the dimeric Fab surface and 791 Å 2  of carbohydrate, 
with 77 % of the Fab interactions coming from the heavy chain, while the secondary 
binding sites are capable of burying another 700 Å 2  of Fab surface area (Table  5.1 ). 
A single mutation (Ile to Arg at H19) is suffi cient to abrogate the domain exchange 
in recombinantly produced 2G12, and monomeric 2G12 Fab can bind free 
Manα1,2Man (Doores et al.  2010a ). However, the monomeric Fab does not bind the 
high mannose cluster on the Env trimer to any detectable level, perhaps because the 
Fab arms of the conventional IgG cannot be brought close enough together to span 
the necessary glycans.

    2G12 has performed well as regards to both safety and effi cacy in early phase 
clinical trials in combination with 2F5 and 4E10, when all are produced in CHO 
cells and used as passive immunotherapy during strategic highly active antiretrovi-
ral therapy (HAART) interruption periods in patients (Joos et al.  2006 ; Manrique 
et al.  2007 ; Mehandru et al.  2007 ; Vcelar et al.  2007 ; Huber et al.  2008 ). The high 
cost of the IgG produced in CHO cells has led to testing of more cost-effective ways 
to mass produce 2G12 and other therapeutic antibodies, and 2G12 produced in 
plants and formulated as a vaginal microbicide have recently been tested in clinical 
trials for safety (Fox  2011 ).  

      Table 5.1    Buried surface area between Fab and antigen   

 Total for Fab:light/heavy (Å 2 :Å 2 /Å 2 ) 
 Total for antigen:protein/
carbohydrate (Å 2 :Å 2 /Å 2 ) 

 PGT 128 (3tyg)  1,076:150/926  1,053:305/748 
 PG9 (3u2s)  925:184/741  946:516/430 
 PG9 (3u4e)  1,144:188/956  1,160:512/648 
 2G12 (1op5), two 

primary sites 
 804:187/617  791:0/791 

 2G12 (1op5), two 
secondary sites 

 692:0/692  627:0/627 

 PGT 135 (4jm2)  1,355:485/870  1,338:408/930 
 PGT 121 (4fqc)  555:35/520  473:0/473 

  Calculated with MS (Connolly  1993 ) using 1.7 Å probe radius and standard van de Waals radii  
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5.3.2     PGT 128 

 PGT 128 is a member of the PGT family of antibodies recently isolated through the 
efforts of the International AIDS Vaccine Initiative Protocol G, where a group of 
elite neutralizers was screened for broadly neutralizing sera (Walker et al.  2009 , 
 2011a ). Crystal structures of PGT 128 have been determined to high resolution in 
complex with GlcNAc 2 Man 9 , and to medium resolution in complex with a glycosyl-
ated gp120 outer domain construct (Figs.  5.2d  and  5.3 ) (Pejchal et al.  2011 ). In the 
complex with free GlcNAc 2 Man 9 , the Fab binds to one glycan, interacting with 
the D1 and D3 arms, while in a complex with gp120 outer domain, the Fab binds to 
two glycans, and also interacts with part of the gp120 V3 base. The primary 
 glycan- binding site is occupied by the N332 glycan, while a secondary binding site is 
fi lled by the N301 glycan, with ordered density present for the GlcNAc 2 Man 5  compo-
nent of the glycan (Fig.  5.3 ). The tip of the long H3 CDR (21 residues, between and 
including H93 to H102) penetrates through the glycan shield to contact V3 residues 
323–325 via a β-sheet type interaction. The PGT 128 Fab has other unusual features 
in its CDR loops, including an unusually long (six amino acids) insertion in H2, and 

  Fig. 5.3    Fab PGT 128 bound to a gp120 core construct. The heavy chain ( dark blue ) and light 
chain ( cyan ) of PGT 128 Fab (Pejchal et al.  2011 ) are shown bound to gp120 outer domain ( light 
green ). PGT 128 makes extensive contacts with glycans at N301 ( dark green ) and N332 ( yellow ) 
shown as ball-and-stick models surrounded by their electron density. The terminal arms of the 
glycans are labeled (D1, D2 or D3). In other isolates, this Fab may alternately contact the glycan 
at N295 ( pink , there was no ordered density for this glycan in the PGT 128 crystal  structure). The 
distances between the glycans measured from C1 of the fi rst GlcNAc of each glycan (or ND1 of 
Asn 295) are shown in a schematic on the  right . Also highlighted are the backbone contacts 
between the CDR H3 loop of PGT 128 ( red ) and a strand of the V3 loop on gp120, with dashes 
indicating approximate positions of hydrogen bonds       
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a short L1 (deletion of residues L28 and L29), as well as a disulfi de bond linking 
CDRs H1 and H2. The interaction buries a considerable 1,076 Å 2  of surface on the 
Fab (86 % from the heavy chain) and 1,053 Å 2  of surface on the gp120 (Table  5.1 ).

5.3.3        PG9/PG16 

 PG9 and PG16 are structurally very similar antibodies derived from the same 
 germline gene family and recognize glycans in the V1/V2 region of gp120 (Pancera 
et al.  2010 ; Pejchal et al.  2010 ). Thus far, all crystal structures of gp120 core or 
outer domain constructs have included only the base of V1/V2. However, Kwong 
and colleagues (McLellan et al.  2011 ) managed to co-crystallize PG9 using a scaf-
folded V1/V2, in which a V1/V2 peptide had its base constrained in a β-hairpin 
conformation by a scaffold protein (Figs.  5.2b  and  5.4 ). Structures have been deter-
mined for PG9 in complex with V1/V2 scaffolds from two different HIV-1 strains, 
and both show that PG9 interacts with two glycans from V1/V2, but one of these 
glycans can be attached to different, closely spaced amino acids depending on the 
glycan positions of the isolates in question. The scaffolded V1/V2 domain folds into 

  Fig. 5.4    PG9 bound to a scaffolded V1/V2 domain. The heavy chain ( dark blue ) and light chain 
( cyan ) of PG9 is shown bound to the V1/V2 domain of CAP 45 gp120 ( light green ) (McLellan 
et al.  2011 ). Contacts are made to glycans at N160 and N156, which are colored  yellow  and  green , 
and shown as ball-and-stick models surrounded by their electron density. The terminal arms of the 
glycans that interact with the Fab are labeled (D1, D2 or D3). They are spaced about 14 Å apart 
measured from C1 of the fi rst GlcNAc, as shown in the schematic above. Sulfated tyrosines from 
the CDR H3 loop residues H100G and H100H are shown. Extensive backbone contacts between 
the CDR H3 loop and V1/V2 domain are also shown with dashes indicating approximate positions 
of hydrogen bonds       
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a four- stranded β-sheet Greek key structure. In the scaffolded CAP45 V1/V2, the 
antibody binds to glycans at N160 and N156, while in the scaffolded ZM109 V1/V2 
the contacted glycans are N160 and N173. Glycans at N156 and N173 are in close 
spatial proximity so that they can substitute for each other in this binding interaction.

   Using a strategy similar to that of PGT 128, the PG9 bisects space between the 
two interacting glycans with its CDRs, capitalizing on an extremely long, 
hammerhead- shaped CDR H3 (Fig.  5.4 ). As a result, the heavy chain dominates the 
interaction contributing about 80 % of the buried surface (Table  5.1 ). The CDR H3 
is unusual not only in its length (30 residues between and including H93 and H102), 
but that it contains sulfated tyrosine residues that are important for interaction with 
a cationic site on the V1/V2 of Env. A negative stain EM reconstruction at 18 Å 
resolution for PG9 bound to a trimeric Env construct (Julien et al.  2013b ) shows 
only a single PG9 Fab can bind at the apex of the trimer. Modeling of high- resolution 
crystal structure information into the EM reconstruction suggests that PG9 binds 
slightly off-center to two of the three gp120 subunits in the trimer. These results also 
suggest that, in addition to the glycans at N156 and N160 contacted by PG9 in the 
crystal structure with a scaffolded V1/V2 domain, PG9 may make secondary inter-
actions with a glycan at N160 on a neighboring gp120 subunit. PGT 145 is also 
thought to recognize the V1/V2 region, and has a very long (33-residue) extended 
β-hairpin CDR H3 with sulfated tyrosines (McLellan et al.  2011 ).  

  Fig. 5.5    PGT 135 bound to gp120 core. The heavy chain ( dark blue ) and light chain ( cyan ) of 
PGT 135 Fab (Kong et al.  2013 ) is shown interacting with gp120 ( light green ). Most of the interac-
tion is mediated by the extended CDR H3 ( red ) and the CDR H1 ( blue ) loops. This Fab interacts 
mainly with glycans at N332 ( yellow ) and N392 ( green ), but also contacts the glycan at N386 
( orange ). These glycans are shown as ball-and-stick models surrounded by their electron density, 
and the terminal arms of the glycans that interact with the Fab are labeled (D1, D2 or D3). 
The spacing of these glycans, including the non-contacting but critical glycan at N295 ( pink ), are 
 measured from C1 of the fi rst GlcNAc and shown in the schematic on the  right        
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5.3.4     PGT 135 

 PGT 135 is another potent and broadly neutralizing antibody that includes glycans as 
a major part of its epitope on gp120. The structure of PGT 135 has recently been deter-
mined as a multicomponent complex that included the gp120 core (Kong et al.  2013 ) 
(Figs.  5.2c  and  5.5 ), as well as antibody 17b and the D1–D2 domains of CD4 that were 
essential for crystallization. PGT 135 interacts with several glycans,  primarily with 
those at N332 and N392, and with the protein surface between the glycans. Additional 
interactions with glycans at N295 and N386 are important for binding and neutraliza-
tion in an isolate-dependent manner. Not to be outdone by the other anti-glycan anti-
bodies, PGT 135 also has unusual features, namely a rare fi ve amino-acid insertion in 
CDR H1 that enables that CDR to reach through the glycan canopy to encounter the 
gp120 protein surface near N386. PGT 135 is also unusual in that, as shown by EM, it 
can adopt multiple degenerate angles of approach to bind what are most likely glyco-
sylation variants (glycoforms) of gp120 (Fig.  5.6 ). Unlike the other anti-glycan anti-
bodies, PGT 135 uses its light chain extensively, contributing 485 Å 2  out of a total of 
1,355 Å 2  of the surface area buried on the Fab that equates to more than double the 
surface area buried by PG9, PGT 128, and 2G12 light chains (Table  5.1 ). Similar to 
PGT 128 and PG9, PGT 135 uses an extended CDR H3 (20 residues between and 
including H93 and H102) to nestle into and breach the glycan shield.

  Fig. 5.6    Flexibility in PGT 135 recognition of gp140 trimer. An overlay of the 2D class averages 
for PGT 135 Fab-BG505 SOSIP.664 gp140 trimer ( blue  outline) and the fi rst eigenvector ( orange ) 
of the 2D principal component analysis of the PGT 135-trimer images. The positions of glycans 
N386 and N332 are indicated with  red circles . This analysis of negative stain EM reconstructions 
shows that PGT 135 can bind to trimer with some fl exibility. This variance in the binding mode for 
PGT 135 may be due to a distribution of different approach angles, either because of slight shifts 
between the interacting glycans or interaction with different glycoforms. This fi gure was previ-
ously published in Kong et al. ( 2013 )       
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5.4          Overlapping Epitopes of Glycan-Binding bnAbs 

 A major discovery from these structural and functional studies is that glycan- 
binding bnAbs have epitopes that cluster and center around two sites: (1) a highly 
solvent-exposed surface between the base of the V3 loop and the base of the V4 
loop centered around glycan N332; and (2) a portion of the V2 loop containing 
glycans N160 and N156 (Fig.  5.7 ). Structural studies of these bnAbs have  pinpointed 
the chemical composition and conformational features of N-linked glycans that are 
recognized. Understanding why these particular glycans are targeted by broadly 
neutralizing responses compared to all of the other gp120 glycans and the func-
tional consequences is critical to designing immunogens aimed to re-elicit such 
glycan-dependent bnAbs.

5.5        Nature of the N-Linked Glycans on gp120 

 N-linked glycosylation of Env is carried out by the host cell glycosylation machinery, 
so that the glycan sugars are chemically identical to those found on human proteins 
and should appear as self to our immune systems. The glycosylation process starts 

  Fig. 5.7    Schematic drawing of the gp120 region containing the highly conserved glycan sites 
involved in broadly neutralizing antibody recognition. The topology and connectivity of the under-
lying protein surface is depicted by  arrows  (β-strands) and cylinders (α-helices) as similarly 
 presented in a previous publication (Kong et al.  2013 ). Regions on the protein that are contacted by 
PGT 128 and PGT 135 are colored  red . The N-linked glycosylation sites are shown as  red circles  
with their amino acid position and sequence conservation labeled. Sequence conservation was 
calculated from 3054 aligned HIV-1 Env sequences from the HIV Database from the Los Alamos 
National Laboratories (  http://www.hiv.lanl.gov/    ). Note that while N334 is 20 % conserved, an 
N-linked site at either N332 or N334 together is 92 % conserved       
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during protein synthesis and continues in the endoplasmic reticulum, where glycans are 
initially linked to asparagines as a GlcNAc 2 Man 9 Glu 3  (for review, see Schwarz and 
Aebi  2011 ). In mammalian systems, sugars are trimmed from that glycan to a 
smaller form (GlcNAc 2 Man 5 ) as the protein moves towards the Golgi. There, further 
processing takes place to delete and add back sugars to create the fi nal glycoforms 
that can be classifi ed as either high-mannose, complex, or hybrid, depending on 
their composition. The fi nal glycan composition can also vary, depending on the 
type of cell producing the virus, and depending on the physical accessibility of the 
glycan to processing enzymes. It is clear that N-linked glycans play a vital role for 
the virus because nearly 50 % of Env’s molecular weight is carbohydrate. Early 
structural studies of gp120 did not focus on the N-linked glycans because their het-
erogeneity hampered structural characterization and, therefore, they were routinely 
enzymatically cleaved or removed by mutagenesis. However, by modeling glycans 
onto Env structures determined by crystallography and EM, it appears that, within 
the context of the trimer, the N-linked glycans effectively cover most of the underly-
ing protein surface that would otherwise be solvent-exposed (Kwong et al.  2000b ; 
Binley et al.  2010 ; Kong et al.  2010 ). 

 Using glycans as a steric shield provides a cost-effective countermeasure to 
 antibody recognition because the addition of just a few N-linked glycans can steri-
cally protect a large surface area. A single N-linked glycan is not an effective 
 protective barrier because antibodies can usually still access the protein surface and 
largely avoid the glycan. However, a cluster of three or more closely spaced glycans 
would effectively prevent antibody binding to the protein surface below. The 15–32 
glycans on gp120 cluster in this manner, raising the possibility that changes at one 
glycan position may affect the composition and physical arrangement of the entire 
shield. For example, it was found that removal of glycans near the CD4-binding site 
of the gp120 core protein abolished antibody binding to the V3 loop, a region over 
20 Å away from the glycan deletion (Wei et al.  2003 ). However, densely packed 
N-linked glycans not only block binding by antibodies but also glycan-processing 
enzymes in the Golgi, resulting in regions with relatively homogenous glycoforms 
that are not typically found on host glycoproteins. Indeed, studies of glycans on 
gp120 reveal predominantly high mannose types (Geyer et al.  1988 ), especially in a 
region of the outer domain of gp120 (Wyatt et al.  1998 ; Scanlan et al.  2002 ; Doores 
et al.  2010b ), and therefore represent a weakness in the glycan shield because the 
clusters of high-mannose glycans are both unusual (hence regarded as nonself by 
the immune system) and conserved. The N332 site of vulnerability discussed above 
is centered on this  homogeneous patch, and the N160 site appears to be particularly 
conserved as a Man 5  glycan (McLellan et al.  2011 ). 

 Despite this weakness, anti-HIV-1-neutralizing antibodies that target glycan 
are not easily elicited. In fact, similar to anti-CD4-binding site antibodies (Liao 
et al.  2013 ), it takes over 2 years for infected patients to develop sera targeting 
these sites, by which time the virus is so established that sterilizing immunity is 
effectively impossible (Gray et al.  2011 ). Clearly, when designing a vaccine, it is 
impossible to completely reproduce the presentation of glycans on Env because 
of (1) natural variation in the N-linked sequon positions, (2) heterogeneity in 
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the glycan composition, and (3) conformational fl exibility. Understanding how 
bnAbs tolerate these different types of heterogeneity is, therefore, critical for 
 vaccine design.  

5.6     N-Linked Glycan Sequon Variation 

 All N-linked glycosylation sequons on gp120 are relatively conserved across 
 different isolates and clades (Scanlan et al.  2002 ; Zhang et al.  2004 ) (Table  5.2 ). 
However, despite overall sequon conservation, N-linked glycan sites on gp120 
migrate over the course of infection (Wei et al.  2003 ), and these sequon changes can 
signifi cantly impact the antigenic structure of gp120, allowing for escape from the 
antibody response (Moore et al.  2012 ,  2013 ). However, glycans cannot occupy or 
cover critical parts of Env, for example, the receptor-binding site or monomer–
monomer interfaces making up the trimer.

   One type of glycan shifting in Env involves Nx(S/T/N)x/(S/T) motifs, where a 
mutation altering the central S/T/N position in this motif can easily shift a glycan by 
two residues along the protein chain. For example, a mutation from NxTxT to 
NxNxT moves the glycan attachment site by two amino-acid positions. This single 

   Table 5.2    Glycan conservation in gp120      

    

MRVKEKYQHL WRWGWRWGTM LLGMLMICSA TEKLWVTVYY GVPVWKEATT 

TLFCASDAKA YDTEVHNVWA THACVPTDPN PQEVVLVNVT ENFNMWKNDM 100

VEQMHEDIIS LWDQSLKPCV KLTPLCVSLK CTDLKNDTNT NSSSGRMIME 

KGEIKNCSFN ISTSIRGKVQ KEYAFFYKLD IIPIDNDTTS YKLTSCNTSV 200

ITQACPKVSF EPIPIHYCAP AGFAILKCNN KTFNGTGPCT NVSTVQCTHG 

IRPVVSTQLL LNGSLAEEEV VIRSVNFTDN AKTIIVQLNT SVEINCTRPN 300

NNTRKRIRIQ RGPGRAFVTI GKIGNMRQAH CNISRAKWNN TLKQIASKLR 

EQFGNNKTII FKQSSGGDPE IVTHSFNCGG EFFYCNSTQL FNSTWFNSTW 400

STEGSNNTEG SDTITLPCRI KQIINMWQKV GKAMYAPPIS GQIRCSSNIT

GLLLTRDGGN SNNESEIFRP GGGDMRDNWR SELYKYKVVK IEPLGVAPTK 500

AKRRVVQREK R 511     

  The HXBC2 reference gp120 sequence is shown where N-linked sequons with greater than 60 % 
conservation are highlighted in  bold . Some of the highly conserved sites in other viruses are not 
found in this reference sequence, such as at position 13, which has a Lys instead of Asn. Other less 
conserved glycan sites in HXBC2 are highlighted in  underline . HXBC2 has 24 total N-linked 
glycan sites. Sequence conservation was calculated from 3054 aligned HIV-1 Env sequences from 
the HIV Database from the Los Alamos National Laboratories (  http://www.hiv.lanl.gov/    )  
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amino-acid change can be created by a single nucleotide change, as two of the 
four codons for Thr and the two codons each for Asn and Ser are neighbors on 
the codon table, with ACT/ACC (Thr) and AGT/AGC (Ser) being readily convertible 
to AAT/AAC (Asn). 

 A recent study has shown the N332 site of vulnerability is subject to this kind of 
sequon evolution, particularly at the N332 glycan (Moore et al.  2012 ). It was 
observed that, in some patients infected with HIV-1 clade C viruses, the N332 site 
is absent and instead a glycan is present at N334. Over the course of infection, the 
N334 glycan is lost but shifts to the N332 site. As broadly neutralizing responses 
targeting the N332 glycan are developed, the sequon shifts back again to N334, 
resulting in virus escape from neutralization. It should be noted that N332 and N334 
glycans cannot be present at the same time because the presence of N at position 
334 would eliminate the NxS/T site of N332. Analysis of Env sequences from the 
Los Alamos database reveals that oscillating glycans between positions 334 and 332 
may be quite common as N332 occurs in 73 % of non-redundant sequences, while 
N334 occurs in 20 % of non-redundant sequences. Together, 93 % of all HIV-1 
viruses have a glycan in this vicinity, suggesting that it is somehow critical for the 
virus to shield the protein surface at this location. Notwithstanding, PGT 128, a 
broadly neutralizing antibody against the N332 site, can bind to some viruses with 
either N332 or N334 glycans (Walker et al.  2011a ). The crystal structure of PGT 
128 in complex with an outer domain construct of gp120 shows that the antibody 
contacts mostly the N332 and N301 glycans, and a portion of the V3 loop nonspe-
cifi cally through backbone contacts. Thus, it might seem quite reasonable that PGT 
128 can tolerate this sequon shifting because the N332 and N334 positions are very 
close to each other and the protein–protein interaction is between fl exible loops that 
could likely accommodate some small variation in the binding mode. However, 
PGT 128 cannot bind to every isolate with an N334 glycan (Moore et al.  2012 ) and 
PGT 128’s tolerance to the glycan shifting may depend on neighboring amino-acid 
composition and glycosylation. 

 Similarly, PGT 128 can bind to and neutralize some isolates that do not have the 
N332 glycan, relying instead on the N295 glycan (Walker et al.  2011a ). Although 
these glycan sites are ~8 Å apart, they are nearly equidistant from N301 (19 Å for 
N332 and 22 Å for N295), suggesting that either PGT 128 or the glycans can slightly 
alter their positions to enable recognition. However, 69 % of isolates have both 
N332 and N301 glycans, matching the 70 % neutralization breadth of PGT 128 
without needing any contribution from the N295 glycan, which is 59 % conserved. 
The ability to bind both N332 and N295 glycans may also compensate for leaky 
sequon usage, since not all glycosylation sites are 100 % glycosylated. 

 2G12 is another bnAb that recognizes glycans around the N332 site of vulnerability 
with considerable fl exibility. From mutational studies, the 2G12-binding site includes 
the glycans at N295, N332, N339, and N386 (Trkola et al.  1996 ; Scanlan et al.  2002 ). 
From these studies, it was observed that 2G12 could also bind N334 in lieu of N332 
and N397 in lieu of N339 (Trkola et al.  1996 ). This promiscuity is not unexpected 
because 2G12 contacts the tips of glycans, which are fl exible enough to compensate for 
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the few angstroms of translational changes due to sequon shifting. In fact, 2G12 can 
bind glycan tips presented in a variety of contexts: (1) synthetic mannosides on gold 
particles (Marradi et al.  2011 ); (2) glycoconjugates made of polyamidoamine 
(Kabanova et al.  2010 ); (3) oligosaccharides scaffolded on DNA (Gorska et al.  2009 ); 
(4) synthetic glycans conjugated on lysines on bovine serum albumin (Astronomo et al. 
 2008 ); (5) oligomannose dendrons (Wang et al.  2008 ); (6) glycoproteins from 
 Saccharomyces cerevisae  engineered to incorporate high mannose glycans (Luallen 
et al.  2008 ,  2009 ; Dunlop et al.  2010 ; Agrawal-Gamse et al.  2011 ); and (7) lipo- 
oligosaccharides from soil bacteria (Clark et al.  2012 ). Furthermore, when gp120 is 
expressed in the presence of kifunensine to yield homogeneous GlcNAc 2 Man 9  type 
glycans, it can bind to 2G12 in a 1:2 ratio (Scanlan et al.  2007 ) as a secondary high-
mannose-binding site is apparently created. 

 PGT 135, a bnAb that binds to glycans at N386, N392, and N332, also exhibits 
a degree of promiscuity. From the crystal structure, it is clear that the PGT 135 epi-
tope is centered on and between these glycans, involving the entire faces of N332 
and N392 glycans as well as a substantial portion of the protein surface. Therefore, 
it is a little unexpected to fi nd that, for some HIV-1 isolates, PGT 135 requires the 
presence of N295, a glycan that is 10 Å away and blocked from PGT 135 contact by 
the N332 glycan. This scenario raises the possibility that the presence of N295 in 
some isolates impacts the conformation and/or chemical composition of the glycans 
that PGT 135 directly binds. 

 It is remarkable how HIV-1 adopts an evolving glycan shield to block the antibody 
response but perhaps it is even more surprising that the immune system can elicit 
bnAbs to overcome this strategy through fl exible glycan recognition. Even though 
the N-linked glycans are relatively conserved in Env, fl exibility in their recognition 
is important because no individual glycan is completely conserved across all clades, 
sequon usage is not 100 %, and each glycan is relatively dispensable in terms of 
affecting protein folding (Ohgimoto et al.  1998 ), thus allowing HIV-1 to tolerate 
glycan-deletion and glycan-addition mutations. However, knowing that promiscuity 
is common among glycan-recognizing antibodies does not translate easily to immu-
nogen design. Thus, further structural insights are likely going to be needed on how 
the same bnAb can recognize different glycans through subtly varying its binding 
mode and the exact epitope it recognizes.  

5.7     Variation in N-Linked Glycan Composition 

 Unlike protein sequence, the composition of an N-linked glycan is not dictated by a 
stable chemical transcript, but rather by solvent accessibility and the availability of 
glycosidases that modify the glycan in the Golgi, parameters that are stochastic in 
nature. Consequently, it is interesting that antibodies against glycosylated epitopes 
can neutralize so broadly and potently. Structural studies of bnAbs PGT 135, PGT 
128, 2G12, and PG9 have revealed some of the ways these antibodies overcome the 
heterogeneity. It is important to note that glycan–protein interactions typically have 
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dissociation constants in the 10 −3 –10 −6  M range, which are much weaker than 
affi nity- matured antibody–antigen interactions with dissociation constants typically 
10 −8 –10 −12  M (Liang et al.  2007 ). This discrepancy holds true even although 
both types of interfaces are mediated by similar van der Waals and hydrophilic 
interactions. The low affi nity of proteins for glycans is perhaps due to the highly 
soluble nature of glycans, which prefer interactions with water rather than with 
protein (Bundle and Young  1992 ). Anti-glycan bnAbs exhibit similar low affi nities 
for glycans; for example, on a neoglycolipid microarray, PGT 128, which is 
observed to interact with GlcNAc 2 Man 8  and GlcNAc 2 Man 5  containing glycans at 
N332 and N301, respectively, in the crystal structure, binds well to GlcNAc 2 Man 8–9  
on the array, but not to smaller glycans (Pejchal et al.  2011 ). 2G12 has substantially 
lower avidity towards these glycans on the array, and PGT 135 has even lower avid-
ity still (Kong et al.  2013 ). Finally, Fab PG9 and Fab PG16 affi nities for individual 
glycans are so low that NMR saturation experiments were necessary to confi rm 
dissociation constants in the millimolar range (McLellan et al.  2011 ). Nonetheless, 
these antibodies can achieve avidity with dissociation constants of ~10 −9  M towards 
the glycoprotein by binding to multiple glycans and/or protein surface components, 
where each individual interaction can still have relatively low affi nity. Thus, minor 
variations in glycan composition may slightly modify the affi nity for already weak 
individual interactions without abrogating overall binding. However, studies have 
shown that certain glycoforms do completely abolish bnAb binding: (1) PGT 135 
and PG9 (Doores et al.  2010b ), but not 2G12 or PGT 128, lose binding if gp120 is 
expressed in the presence of kifunensine, which results in predominantly 
GlcNAc 2 Man 9  glycans; and (2) PGT 128 and 2G12, but not PGT 135, lose binding 
if gp120 is expressed in the presence of  N -butyldeoxynojirimycin (NB-DNJ) and 
kifunensine, which can lead to either blockage of the tip of the D1 arm with 1–3 
glucose residues or shortening of the D1 arm by removal of all Manα1,2Man-linked 
residues (Roth et al.  2003 ; Doores and Burton  2010 ). Thus, it is very important for 
immunogen design to know exactly which glycoforms can or cannot be tolerated 
and which are present on each virus. 

 For example, structural and biophysical studies have confi rmed that 2G12 binds 
to the terminal mannose extensions of N-linked glycans with its two primary and 
two secondary binding sites. Crystal structures suggest that 2G12 binds to the D1 
arm of N295 and N392/N386 glycans at the primary binding sites, and to the D2 and 
D3 arms of N339 and N332 glycans at the secondary binding sites (Calarese et al. 
 2003 ,  2005 ). This result suggests that 2G12 can tolerate variation in the D2 and D3 
arms on N295 and N392/N386 glycans, and in the D1 arms of the N339 and N332 
glycans. Lack of one or two terminal mannoses that directly bind to 2G12 may also 
be tolerated since the antibody would still maintain interactions with 2–3 remaining 
glycans. The full extent of 2G12 tolerance remains to be tested in a synthetic glyco-
peptide context where glycan compositions can be chemically controlled. 

 In contrast to 2G12, which binds to the glycan tips, PGT 128, PGT 135, and PG9 
use extended CDR loops to reach the underlying protein surface while making 
 contacts across the lateral faces of the glycans. Substantial surface area on each 
glycan is buried by these antibodies on the order of 300–500 Å 2 , a size comparable 
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to those of some entire antibody epitopes. However, the size of the buried surface 
does not correlate with the low affi nity for individual glycans. One advantage to 
making contacts across the glycan face is increased dependence on the more 
 protein- proximal glycan moieties that are generally invariant across glycoforms. 
For example, in the crystal structure, PGT 128 interacts with a glycan at position 
N301 that displays enough electron density to be minimally consistent with a 
GlcNAc 2 Man 5 . However, higher oligomannose or even hybrid type glycans contain-
ing this set of glycan monomers would also be consistent with the density. Site-
specifi c analysis of gp120 glycans suggests that this site may in fact be complex or 
hybrid type glycan (Leonard et al.  1990 ; Go et al.  2008 ,  2009 ,  2011 ). Thus, by 
making contacts only to the highly conserved moieties within the GlcNAc 2 Man 5  
core, PGT 128 is able to accommodate substantial glycoform variation. Similarly, 
PG9 recognizes GlcNAc 2 Man 4  at position N156 in a manner that also allows com-
parable glycoform variation. More extremely, PGT 135 contacts the glycan at N386 
only from the GlcNAc stem to the β-mannose, potentially allowing the antibody to 
tolerate all N-linked glycan types. 

 One risk in raising antibodies only against the conserved lateral face of N-linked 
glycans is that the antibodies may interact closely with the distal ends of the glycan 
monomers, preventing the antibodies from binding glycans that have further exten-
sions from the conserved core. This sort of interaction is observed for PG9 binding 
to the N160 GlcNAc 2 Man 5  glycan. In the crystal structure, further extensions of D1 
and D2 arms of the N160 glycan would impede binding of the PG9 antibody. 
For example, a GlcNAc 2 Man 7–9  at N160 would be sterically impossible within the 
binding site, explaining the lack of PG9 activity when the antigen is grown in 
 kifunensine. However, site-specifi c glycan analysis suggests that the N160 site is 
predominantly GlcNAc 2 Man 5 , explaining in part the broad neutralization by PG9. 
Another example is the interaction between PGT 135 and N392 glycan. In the crys-
tal structure, there is visible electron density for a GlcNAc 2 Man 8  glycan at this 
 position with complete D1 and D3 arms. PGT 135 binds across the glycan’s D1 arm 
and buries the D2 arm. A full D2 arm as in GlcNAc 2 Man 9  would result in a severe 
clash with PGT 135, preventing the antibody from binding. Thus, small variation in 
high mannose glycoforms can have signifi cant impact on bnAb activity. 

 From these structural studies, it is clear that site-specifi c characterization of 
N-linked glycans within the bnAb epitope is as critical to vaccine design as the 
exact mapping of sites of vulnerability across protein surfaces.  

5.8     Conformational Variation of Glycans 

 It has long been supposed that structures of N-linked glycans are diffi cult to 
 characterize by X-ray crystallography due to their exceptional conformational 
 fl exibility. Electron density maps of glycans tend to be disordered except at the 
protein- proximal GlcNAc unless the glycan is stabilized by crystal contacts or by 
ligand binding. It is also challenging to characterize glycan structure by NMR due 
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to the similar chemical environment of protons and the paucity of protons between 
connected glycan monomers that are less than 5 Å, the detection limit for Nuclear 
Overhauser effects. Structures from molecular dynamics simulations using NMR 
constraints tend to be less fl exible, but it has been argued that the constraints are 
from time-averaged data lacking the resolution for movement (Woods and Tessier 
 2010 ). Nonetheless, analyses of available glycan structures show strong preferences 
for defi ned phi and psi torsion angles with minimal energy cost (Petrescu et al. 
 1999 ; Lutteke et al.  2006 ; Lutteke  2009 ). When attached to a protein, glycan con-
formation may be further constrained, especially when stabilized by neighboring 
aromatic residues that interact with the protein-proximal GlcNAc (Petrescu et al. 
 2004 ; Culyba et al.  2011 ; Price et al.  2012 ). This type of stabilization may be occur-
ring for glycan N332 on HIV-1 gp120, which has a histidine or tyrosine at position 
330 in 96 % of isolates. In general, glycans on gp120 may also be stabilized by 
being densely packed within the glycan shield. 

 The initial orientation of a whole glycan may not be critical to antibody recogni-
tion if the antibody only recognizes a contiguous region on a single glycan and, 
thus, is not constrained by contacts to other parts of the antigen to approach the 
glycan from a particular angle. However, in the case of some bnAbs that bind across 
the lateral faces of multiple glycans and protein surfaces, the initial orientation of 
the whole glycan and its degree of fl exibility may be important because the angle 
of approach to the glycan would be constrained by those other contacts. For example, 
PGT 135 buries a large protein surface between the N332 and N392 glycans on 
gp120, which constrains the antibody to recognize a particular orientation of gly-
cans N332 and N392 and approach from a particular angle. Remarkably, PGT 135 
may be able to tolerate small differences in the glycan orientations by adopting 
degenerate angles of approach as detected by EM studies (Kong et al.  2013 ). PG9 is 
similarly constrained to bind the N160 glycan from one side, but PGT 128 may be 
less constrained because it binds to a potentially fl exible portion of gp120. In fact, 
the protein–protein and protein–glycan N301 interactions do not restrict PGT 128 
from binding N295 when N332 is unavailable. However, the N332/N295 glycan 
necessary for PGT 128 binding must be in the proper conformation so that the 
 correct glycan face is accessible to PGT 128. Thus, it is clear that for these antibodies, 
conformations of the glycans play an important role in their recognition, and  perhaps 
in antibody elicitation. 

 The only way to elucidate glycan conformation and antibody binding  relationships 
is through structural characterization at relatively high resolution. Unfortunately, 
there are only four crystal structures of glycan-binding bnAbs to HIV-1. However, 
three of these structures, 2G12, PGT 135, and PGT 128, focus on the N332 site of 
vulnerability, allowing for some degree of comparative analysis. All three structures 
have the N332 glycan, and both the 2G12 and the PGT 135 structures have the N392 
glycan. A caveat for the comparison is that the PGT 135 structure contains a glyco-
sylated gp120 core while the PGT 128 and 2G12 structures contain different outer 
domain fragments with different levels of glycosylation. Nevertheless, the N332 gly-
can in all three structures remains relatively unchanged in terms of overall orienta-
tion and conformation. In contrast, the N392 glycan conformations in the PGT 135 
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and 2G12 structures are signifi cantly different, with the terminal mannose arms 
pointing in almost opposite directions. The conformational stability of the N332 gly-
can may explain why it is commonly targeted in broadly neutralizing sera, especially 
if the antibodies in the sera are predominantly binding across one of its faces along 
with other elements on gp120. 

 The biophysical properties of a glycan face are determined by the corresponding 
properties of the individual glycan monomers along that face. Although N-linked 
glycans are highly polar and soluble, each glycan monomer sugar has both a polar 
and a hydrophobic face that is dictated by the direction that the hydroxyls are point-
ing. This asymmetry corresponds to the ring pucker of the chair conformation, and 
can be defi ned by whether the carbons around the ring are arranged counter clock-
wise (hydrophobic face) or clockwise (polar face). The individual glycan monomers 
that make up the N332 glycan are similarly aligned across the crystal structures and 
determine the properties of the intact glycan faces being recognized by different 
bnAbs. PGT 135 appears to recognize a more hydrophobic face of the N332 glycan, 
with 62 % of the buried surface area on the glycan consisting of hydrophobic ring 
faces. This matches the 64 % of the buried surface on PGT 135 that is contributed 
by hydrophobic residues. PGT 128 recognizes a more polar side of the glycan, with 
only 31 % of the buried surface on the glycan consisting of hydrophobic ring faces. 
High-resolution structures of other N332-directed bnAbs are thus needed to fully 
defi ne the relevant faces of glycans that can be recognized. 

 N-linked glycans are large protein adducts, potentially extending beyond 20 Å, 
making them comparable to small protein loops. Clearly it is insuffi cient to simply 
defi ne which glycans an antibody binds to, or to think of a glycan as comparable to 
a single amino acid. The structural studies described above highlight the importance 
of defi ning the particular orientation and the different faces of an N-linked glycan 
that are being recognized.  

5.9     Conclusion 

 Over the past decade, structural studies of bnAbs bound to Env have revealed  critical 
targets for vaccine design. Some of targets like the CD4-binding site and the MPER 
are recessed or partially occluded within Env trimer, severely limiting the angle of 
approach antibodies can take to interact with them. The glycosylated epitopes of 
glycan-binding bnAbs are largely free from such constraints because they are highly 
accessible in the trimer and crystal structures clearly show that a wide range of 
approach angles is allowed to the Env trimer surface (Fig.  5.1 ). However, unlike 
protein-binding bnAbs, glycan-binding bnAbs have epitopes that encompass 
the conformational and chemical features of “self” glycans, but are packaged on the 
virus in a nonself way, and often exhibit multiple levels of heterogeneity. High- 
resolution structural studies have revealed the types of glycoforms that can be 
accommodated by the bnAbs. They have also broadly outlined requirements for 
specifi c conformations and overall orientations of the targeted glycans. Despite all 
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these advances, further structural studies are required to fully defi ne the spectrum of 
glycosylated targets on HIV-1 Env and biochemical studies to defi ne the exact 
nature of the glycans and their heterogeneity at each individual glycan position in 
different strains and clades, as well as for Env produced in different cell lines.     
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    Abstract     HIV has evolved a number of strong defense mechanisms, including 
extensive glycosylation of its surface envelope glycoprotein, to evade host immune 
responses. Nevertheless, the discovery of a series of glycan-dependent broadly neu-
tralizing antibodies (bNAbs) from HIV-infected individuals suggests that HIV’s 
“glycan shield” also represents a possible Achilles’ heel and thus an attractive target 
for vaccine design. In this chapter, we review current understanding of the glycan-
associated epitopes of these bNAbs and discuss how this insight may translate into 
the engineering of a carbohydrate-based HIV vaccine.  

  Keywords     HIV   •   Vaccine   •   Carbohydrate antigen   •   Epitope   •   Neutralizing anti-
body   •   Glycoprotein   •   Glycopeptide   •   Oligosaccharide  

6.1         Introduction 

 An effective HIV-1 vaccine capable of eliciting broadly neutralizing antibodies 
(bNAbs) is still elusive despite tremendous progress in our understanding of the 
mechanism and pathogenesis of HIV-1 infection and substantial investments in vaccine 
clinical trials (Nabel  2001 ; Burton et al.  2004 ,  2012 ; Zolla-Pazner  2004 ; Stamatatos 
et al.  2009 ; Kim et al.  2010 ; Vaccari et al.  2010 ; Kwong et al.  2011 ,  2012 ). 
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Although HIV-1 has evolved a number of defense mechanisms to evade host NAb 
recognition (Wyatt and Sodroski  1998 ; Nabel  2001 ; Burton  2002 ; Calarota and 
Weiner  2003 ), the discovery of several classes of bNAbs that target distinct and 
accessible neutralizing epitopes on the HIV-1 envelope glycoprotein, the target of 
NAb responses, provides optimism that a vaccine can be designed that will elicit 
similar types of antibodies. Extensive glycosylation of the viral spike constitutes 
one of the mechanisms evolved by HIV-1 to evade immune responses. However, 
there is also good reason to consider viral glycans as a target for vaccine design: 
they are accessible to immune recognition at the viral surface and some form highly 
conserved antigenic structures. This conservation was fi rst made apparent upon 
identifi cation of the bNAb 2G12, which binds an oligomannose cluster comprising 
several N-glycans on HIV-1 envelope glycoprotein (Trkola et al.  1996 ; Sanders 
et al.  2002 ; Scanlan et al.  2002 ; Calarese et al.  2003 ). For over a decade, 2G12 was 
the only bNAb that is specifi c for HIV-1 carbohydrate antigens. However, this situ-
ation has changed recently with the discovery of more than a dozen potent and 
broadly cross-reactive NAbs (e.g., PG9 and PG16, PGT121–128, PGT130–137, and 
PGT141–145), the specifi cities of which are highly glycan-dependent (Walker et al. 
 2009 ,  2011b ). X-ray crystallography studies show that these antibodies target con-
served glycopeptide epitopes (McLellan et al.  2011 ; Pejchal et al.  2011 ). In addi-
tion, high-mannose glycan-specifi c NAbs have been detected during natural HIV-1 
infection in humans (Walker et al.  2010 ; Lavine et al.  2012 ; Moore et al.  2012 ) and 
one study found that a chimeric simian-human immunodefi ciency virus (SHIV)-
infected macaque developed particularly potent cross-clade NAbs that specifi cally 
bound to high-mannose glycan epitopes on the HIV spike (Walker et al.  2011a ). 
Equally encouraging, passive immunization with anti-glycan NAbs has shown to 
provide protection against SHIV mucosal infection in macaque models (Mascola 
et al.  2000 ; Hessell et al.  2009 ; Moldt et al.  2012 ). Taken together, these studies 
attest to the potential and feasibility of exploring the glycans that decorate the sur-
face of the HIV envelope spike as targets for vaccine design. This chapter highlights 
current understanding of the carbohydrate epitopes of several glycan-dependent 
bNAbs with implications for exploring these epitopes as templates for vaccine 
design. In particular, the design, synthesis, and immunological studies of 2G12 
epitope-based immunogens are described in detail.  

6.2     Structure and Function of HIV Glycosylation 

6.2.1     Structural Features of Glycosylation of HIV-1 Gp120 

 The HIV-1 envelope glycoprotein spike consists of the subunits gp120 and gp41. 
Gp120 is heavily glycosylated, with the carbohydrates comprising half of the total 
molecular mass. N-glycosylation is the predominant form of gp120 glycosylation, 
with a typical gp120 possessing 24–25 conserved N-glycosylation sites (NXS/T; 
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where X is any amino acid except proline). O-glycosylation of gp120 is rarely 
reported but one recent report suggests the presence of an O-linked glycan at Thr- 
499 (HXB2 numbering) of some HIV-1 gp120 glycoproteins (Go et al.  2013 ). This 
result is consistent with early immunochemical studies implicating the presence of 
O-linked glycans on gp120 (Hansen et al.  1990 ,  1991 ,  1996 ). The trans-membrane 
envelope glycoprotein gp41 has four conserved N-glycosylation sites that are nor-
mally occupied (Lee et al.  1992a ; Perrin et al.  1998 ). 

 A notable feature of HIV-1 glycosylation is the tremendous heterogeneity in both 
the frequency with which a glycosylation site is occupied and the nature of the par-
ticular glycan attached at a given site (Geyer et al.  1988 ; Mizuochi et al.  1988 ,  1990 ; 
Leonard et al.  1990 ; Shilatifard et al.  1993 ; Yeh et al.  1993 ; Bolmstedt et al.  1997 ; 
Butters et al.  1998 ; Zhu et al.  2000 ; Go et al.  2008 ,  2009 ; Doores et al.  2010a ; Raska 
et al.  2010 ; Bonomelli et al.  2011 ). For example, analysis of the glycosylation pat-
tern of a recombinant HIV-1 IIIB  gp120 expressed in Chinese hamster ovary (CHO) 
cells showed that all 24 potential N-glycosylation sites in the gp120 analyzed were 
utilized. Among them 13 sites were occupied by complex-type N-glycans and 11 
sites by high-mannose- or hybrid-type N-glycans (Leonard et al.  1990 ). However, 
subsequent studies have demonstrated that glycosylation profi les, including the 
ratio of high-mannose- to complex-type, the decorations (e.g., sialylation and core 
fucosylation) and branching of the N-glycans, can vary signifi cantly, depending on 
whether the gp120 is virus-associated or recombinant, the particular virus strain 
from which the gp120 is derived and, in the case of recombinant gp120, the specifi c 
cells used for producing the gp120 (Geyer et al.  1988 ; Mizuochi et al.  1988 ,  1990 ; 
Leonard et al.  1990 ; Shilatifard et al.  1993 ; Yeh et al.  1993 ; Bolmstedt et al.  1997 ; 
Butters et al.  1998 ; Zhu et al.  2000 ; Go et al.  2008 ,  2009 ; Doores et al.  2010a ; Raska 
et al.  2010 ; Bonomelli et al.  2011 ). 

 As discussed in more detail in Chap.   1    , a particularly striking feature of HIV-1 
envelope spike glycosylation is the high number of high-mannose type oligosac-
charides in comparison to typical mammalian glycoproteins. For example, an early 
study found that the high-mannose type structures (Man 7–9 GlcNAc 2 ) accounted for 
80 % of the total N-glycans on gp120 recovered from lysates of infected T cells in 
culture, and more than 50 % of those on gp120 from cell-free culture supernatant 
(Geyer et al.  1988 ). More recently, the glycans of virion-associated envelope glyco-
protein gp120 from primary isolates of HIV-1 (clades A, B, and C) as well as a 
simian immunodefi ciency virus (SIV) were found to be predominantly high- 
mannose type N-glycans, independent of production system or viral clades (Doores 
et al.  2010a ; Bonomelli et al.  2011 ). This was in stark contrast to recombinant 
monomeric gp120 which, as discovered early on (Leonard et al.  1990 ), bears more 
complex-type glycans than high-mannose glycans. 

 Early modeling of N-glycans on the crystal structure of the gp120 core (Kwong 
et al.  1998 ; Wyatt et al.  1998 ) revealed that some form clusters on gp120, in which 
large sections of the protein surface are covered up by carbohydrate structures 
(Kwong et al.  1998 ; Wyatt et al.  1998 ; Wyatt and Sodroski  1998 ). Since the glycans 
are produced by the host glycosylation machinery and therefore would be expected 
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to appear as “self” to the immune system, the carbohydrates provide a strong defense 
against host immune surveillance and limit NAb access to neighboring and underly-
ing sequence-conserved segments of the protein backbone.  

6.2.2     Biological Functions of HIV Glycosylation 

 Glycosylation plays critical roles in the folding, processing, and maturation of the 
HIV-1 envelope glycoprotein (Pal et al.  1989 ; Li et al.  1993 ). Appropriate 
N-glycosylation of gp120 is also important for HIV-1 infectivity (Lee et al.  1992b ) 
and exerts a profound effect on the antigenicity and immunogenicity of the viral 
envelope glycoprotein. As demonstrated in an early study in rhesus monkeys, SIV 
mutants lacking N-glycans in the V1 region of gp120 were much more immunogenic 
than wild-type SIV (Reitter et al.  1998 ). In other studies, it was shown that deleting 
specifi c N-glycosylation sites on the HIV-1 envelope glycoprotein, such as the V1/V2 
domains of HIV-1 gp120, rendered the underlying protein domains more vulnerable 
to antibody binding and dramatically increased sensitivity of the virus to antibody 
neutralizations (Wyatt et al.  1995 ; Cao et al.  1997 ; Kolchinsky et al.  2001a ,  b ; Li et al. 
 2001 ,  2008 ). Thus glycosylation provides a strong defense to protect the virus from 
immune recognition and limit the effectiveness of antibody neutralization. 

 Comprehensive analyses of escape mutations in the HIV-1 envelope glycopro-
tein during natural infection have highlighted the “dynamic glycosylation” mecha-
nism by which HIV can evade host NAb responses (Wei et al.  2003 ). It was shown 
that a high frequency of mutations occurred at consensus N-glycosylation sites 
(NXS/T) but, interestingly, the mutations usually resulted in a reposition or shifting 
of the conserved N-glycosylation sites, keeping the global glycosylation and the 
total numbers of N-glycans relatively constant. This “evolving glycan shield” repre-
sents an elegant mechanism for HIV-1 to maintain replication under the persistent 
pressure of host immune surveillance. 

 In addition to the role of glycosylation in evading immune responses, HIV-1 
glycans also play an active role in promoting HIV-1 infection and transmission, via 
their interactions with various glycan-binding proteins on the host cells. As dis-
cussed in more extensive detail in Chap.   2    , high-mannose type on HIV-1 gp120 can 
serve as ligands for DC-SIGN, a dendritic cell-specifi c C-type lectin, to mediate 
HIV-1 transmission from the mucosal infection sites to secondary lymphoid organs, 
where the virus effectively infects T cells (Geijtenbeek et al.  2000 ; Feinberg et al. 
 2001 ,  2007 ; Mitchell et al.  2001 ; Hong et al.  2002 ; Su et al.  2004 ; Snyder et al. 
 2005 ). High-mannose glycans on gp120 can also be bound by mannose receptors 
such as expressed on macrophages, facilitating viral infection of macrophages 
(Stahl et al.  1978 ; Shepherd et al.  1981 ; Larkin et al.  1989 ; Ji et al.  2005 ). However, 
some nonmammalian lectins and other glycan-binding compounds exhibit potent 
antiviral activities (Barrientos and Gronenborn  2005 ; Balzarini  2006 ,  2007 ; 
Anderluh et al.  2012 ) and, as reviewed in Chap.   7    , are being developed as potential 
HIV microbicides.   
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6.3     Glycan-Dependent Epitopes of Broadly Neutralizing 
Antibodies 

 For many years, 2G12 was the only NAb described that binds carbohydrates on 
HIV-1 gp120. However, concerted efforts to understand the unusually broad humoral 
immune response in some HIV-1-infected individuals have led to the identifi cation 
of additional glycan-dependent bNAbs in the past several years. These include the 
somatic relevant bNAbs PG9 and PG16, as well as the PGT series antibodies, such 
as PGT121–123 and PGT125–128. These newly discovered bNAbs represent a new 
class of bNAbs; unlike 2G12 these new antibodies target glycopeptide epitopes in 
the variable domains of gp120 and are able to neutralize with remarkable breadth 
and potency. Here we describe briefl y what we know about the structural features of 
the neutralizing epitopes of these glycan-dependent antibodies, which forms the 
basis for HIV-1 vaccine design. For a more extensive review of the different binding 
modes of these glycan-dependent antibodies, the reader is referred to Chap.   5    . 

6.3.1     The Epitope of Broadly Neutralizing Antibody 2G12 

 Human monoclonal antibody 2G12 is one of the fi rst bNAbs identifi ed from HIV- 
infected individuals (Trkola et al.  1996 ). Initial epitope mapping suggested that 
2G12 was largely dependent on glycans at several conserved N-glycosylation sites 
including N295, N332, N386, N392, and N448 (Trkola et al.  1996 ). Since previous 
glycan profi ling analysis indicated that all these sites were occupied by high- 
mannose type N-glycans (Leonard et al.  1990 ), these results suggested that 2G12 
would most likely target a unique cluster of high-mannose N-glycans on gp120. 
Two subsequent studies, which used alanine scanning mutagenesis and specifi c 
enzymatic glycan trimming coupled with 2G12-binding analysis, concluded that 
Manα1,2Man-linked residues were required for gp120 interaction with 2G12, and 
that the epitope of 2G12 might consist of several Manα1,2Man moieties contributed 
principally by high-mannose type N-glycans at N295 and N332, with glycans at 
neighboring sites (e.g., at N339, N386, and N392) playing an indirect role (Sanders 
et al.  2002 ; Scanlan et al.  2002 ). 

 Further characterization of the 2G12 epitope came from the X-ray structural 
study of 2G12 Fab in complex with synthetic disaccharide (Manα1,2Man) and a 
natural high-mannose N-glycan, Man 9 GlcNAc 2  (Calarese et al.  2003 ). This struc-
tural study revealed an unusual Fab domain-swapped structure that created extended 
multivalent binding sites to accommodate several N-glycans. A total of four 
Man 9 GlcNAc 2  moieties are bound to each Fab dimer: two correspond to the normal 
antibody combining sites and interact with D1 arm while two additional sites within 
the V H /V′ H  interact with the D2 arm of the Man 9 GlcNAc 2  oligosaccharide. The main 
contact comes from interactions between 2G12 Fab and the D1 arm tetrasaccharide 
of Man 9 GlcNAc2 (Fig.  6.1 ).
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   While the enzymatic trimming analysis using α-1,2-mannosidase indicated that 
the Manα1,2Man unit was required for 2G12 binding (Sanders et al.  2002 ; Scanlan 
et al.  2002 ) and the X-ray structure revealed how Man 9 GlcNAc 2  was recognized by 
2G12 Fab, it was still not clear whether other high-mannose and/or hybrid N-glycans 
also contributed to 2G12 recognition. Several groups have applied a synthetic 
approach coupled with 2G12-binding analysis to address this question (Adams et al. 
 2004 ; Lee et al.  2004 ; Wang et al.  2004 ). In one study, Wong and co-workers syn-
thesized a series of high-mannose oligosaccharides corresponding to Man 9 GlcNAc 2  
and tested their ability to inhibit the interaction between 2G12 and immobilized 
gp120 in an enzyme-linked immunosorbent assay (ELISA) (Lee et al.  2004 ). It was 
found that the D1 arm tetrasaccharide and the D2D3 pentasaccharide was almost 
equally effi cient to inhibit 2G12 binding to gp120 as the natural full-size N-glycan 
Man 9 GlcNAc 2 , while the Manα1,2Manα1,6Man trisaccharide corresponding to the 
D3 arm was fi vefold less active than the D1 arm oligosaccharide or the natural 
Man 9 GlcNAc 2 . Interestingly, the heptasaccharide that combined the D1 and D2 arm 
did not show further enhanced affi nity for 2G12 in comparison with the D1 arm 
alone (Fig.  6.1 ). These glycan-binding specifi cities were further confi rmed by addi-
tional X-ray crystallographic analysis of the complexes of 2G12 Fab and the syn-
thetic high-mannose type oligosaccharides (Calarese et al.  2005 ). Independently, 

  Fig. 6.1    Chemical structures of natural and synthetic high-mannose type glycans used for struc-
tural and binding studies. The various structures are colored so as to highlight similarities (chitobi-
ose/GlcNAc 2  core:  magenta ; D1 arm:  red ; D2 arm:  blue ; D3 arm:  black ). A schematic showing the 
nature of the glycosidic linkage between sugar residues is shown next to each chemical structure       
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Wang and co-workers used a set of pure natural high-mannose oligosaccharides 
(Man 5 GlcNAc, Man 6 GlcNAc, and Man 9 GlcNAc) to probe the 2G12 binding in a 
competitive ELISA (Wang et al.  2004 ), while Seeberger and co-workers utilized a 
series of synthetic oligosaccharides in a glycan microarray format to analyze the 
binding of different oligosaccharides to 2G12 (Adams et al.  2004 ). Both aforemen-
tioned studies confi rmed the requirement of a Manα1,2Man subunit for 2G12 bind-
ing. In another independent study, Danishefsky and co-workers performed chemical 
synthesis of several glycopeptides carrying Man 9 GlcNAc 2  and hybrid oligosaccha-
rides (Dudkin et al.  2004 ; Geng et al.  2004 ; Mandal et al.  2004 ). Surface plasmon 
resonance (SPR) analyses showed that 2G12 had signifi cantly higher affi nity for a 
dimerized glycopeptide carrying a Man 9 GlcNAc 2  glycan than for the corresponding 
monomer glycopeptide, indicating the importance of multivalency for adequate 
2G12 recognition (Dudkin et al.  2004 ). The lack of 2G12 binding to glycopeptides 
containing hybrid-type N-glycans also confi rmed that hybrid type N-glycans on 
HIV-1 gp120 are not part of the 2G12 epitope (Dudkin et al.  2004 ). Taken together, 
these mutational, biochemical, structural, and synthetic studies show that the epit-
ope of antibody 2G12 is a terminal Manα1,2Man subunit, contributed by two main 
high-mannose type glycans (most likely at sites of N295 and N332 or N392) located 
within a unique oligomannose cluster on gp120 of vicinal glycans that maintain 
epitope conformation. These studies have provided the basis for the design and 
synthesis of oligomannose clusters as mimics of 2G12 epitope, which may be used 
as immunogens to raise 2G12-like antibodies (vide infra).  

6.3.2     The Putative Epitopes of Broadly Neutralizing 
Antibodies PG9 and PG16 

 In 2009, over a decade after 2G12 was fi rst described, two new glycan-dependent 
NAbs, PG9 and PG16, were reported (Walker et al.  2009 ). These antibodies were 
isolated from an HIV subtype A-infected individual whose serum demonstrated 
signifi cantly broad and potent neutralizing activity against primary HIV-1 strains 
(Walker et al.  2009 ). PG9 and the somatically related PG16 were shown to neutral-
ize 70–80 % of circulating HIV-1 isolates and, most strikingly, their neutralizing 
potency was up to tenfold higher than that of the previously reported bNAbs includ-
ing 2G12 (Walker et al.  2009 ). Initial studies suggested that PG9 and PG16 only 
bind membrane-anchored trimeric forms of the HIV envelope glycoprotein (Walker 
et al.  2009 ), although later studies have shown that both antibodies can bind select 
monomeric gp120s and trimeric gp140s (Davenport et al.  2011 ; Hoffenberg et al. 
 2013 ). Site-directed mutagenesis analysis mapped the epitopes to a V1V2 domain 
peptide, with particular dependence on N-glycans located at two conserved 
N-glycosylation sites, N160 and N156 (HXB2 numbering) (Walker et al.  2009 ; 
Doores and Burton  2010 ), suggesting that conserved glycopeptide sequence located 
in the V1V2 domain of gp120 most likely constitute the epitopes of PG9 and PG16. 
Kwong and co-workers subsequently reported the crystal structures of PG9 Fab in 
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complex with scaffolded V1V2 domains derived from two HIV-1 strains, the CAP45 
and ZM109 strains (McLellan et al.  2011 ). The study revealed a novel antigen rec-
ognition mode for PG9 and showed that a Man 5 GlcNAc 2  N-glycan at position N160 
was a major contact site for the antibody, while additional contributions were made 
by the interactions with another N-glycan at N156 (CAP45 strain) or N173 site 
(ZM109 strain) as well as mostly main-chain contacts with a strand of the V1V2- 
derived peptide. Interestingly, it was found that the N-glycans at the N156 (CAP45 
strain) and the N173 (ZM109 strain) sites were spatially equivalent to each other in 
the three-dimensional structures for recognition with PG9. This novel recognition 
mode partially explains why PG9 neutralizes diverse HIV-1 primary strains. 

 While the aforementioned mutational and structural studies suggest that con-
served V1V2 glycopeptides likely constitute the epitope of PG9 (and also likely 
PG16), the nature of the N-glycans attached at the two conserved sites still need to 
be further characterized. A Man 5 GlcNAc 2  glycan at the N160 site seems required as 
the structures of the Fab/V1V2 domain complexes clearly show the intensive inter-
actions of PG9 Fab with most of the residues in the Man 5 GlcNAc 2  moiety. However, 
the nature of the N-glycan at the secondary site (N156 or N173) was not well defi ned 
in the crystal structures. Preliminary studies with a series of synthetic V1V2 glyco-
peptides carrying defi ned N-glycans at the N156 and N160 sites suggest that a 
Man 5 GlcNAc 2  glycan at the N160 site is indeed essential for the recognition by PG9 
and PG16 (Lai-Xi Wang et al., unpublished results). Moreover, a sialylated complex 
type N-glycan at the secondary glycosylation site seems critical for high-affi nity 
interaction (Lai-Xi Wang et al., unpublished results). A recent study suggests that 
PG9, in addition to interacting with the N156 and N160 glycans, makes secondary 
interactions with an N160 glycan from an adjacent gp120 protomer in the antibody- 
trimer complex (Julien et al.  2013 ). Clearly, further fi ne characterization of the epi-
topes of PG9 and PG16 will provide important insight for HIV vaccine design.  

6.3.3     The Putative Epitopes of the PGT Series of Broadly 
Neutralizing Antibodies 

 Soon after report of the PG9 and PG16 antibodies, a plethora of additional glycan- 
dependent bNAbs was reported (Walker et al.  2011b ). The PGT series of bNAbs, 
such as PGT121–123 and PGT125–128, were isolated also from HIV-infected indi-
viduals whose sera exhibits exceptionally broad and potent HIV-neutralizing activ-
ity. Impressively, many of these new antibodies are more potent (up to tenfold) than 
the PG9 and PG16 antibodies, and thus up to 100-fold more potent than bNAbs such 
as 2G12 that were discovered earlier. Mutational and biochemical analysis indicated 
that the HIV neutralization by these antibodies is dependent on the V3 domain of 
gp120 as well as on the presence of N-glycans at the conserved N332 and/or N301 
sites. In addition, these antibodies could bind effi ciently to monomeric gp120. 
Glycan specifi city analysis suggested that most of these antibodies recognized high- 
mannose type N-glycans in the context of the peptide domain, implicating novel V3 
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glycopeptides as the epitopes of these bNAbs (Walker et al.  2011b ). This notion was 
reinforced by the X-ray crystal structures of complexes of PGT128 with 
Man 9 GlcNAc 2  glycan as well as a glycosylated gp120 mini outer domain (Pejchal 
et al.  2011 ). This study, led by Wilson and Burton, revealed that the antibody was 
able to penetrate the glycan shield to recognize two conserved N-glycans (at N332 
and N301 sites, respectively) and a short β-strand peptide segment at the stem of the 
gp120 V3 loop. More recently, Bjorkman and co-workers solved the crystal struc-
ture of another PGT antibody, PGT121, and analyzed the glycan specifi city of 
PGT121 by glycan microarray technology (Mouquet et al.  2012 ). The crystal struc-
tural study indicated that PGT121 can recognize complex type N-glycans. An 
extended glycan microarray analysis confi rmed that PGT121 could bind complex 
type N-glycans (sialylated or non-sialylated), but it did not show affi nity for free 
high-mannose type N-glycans. However, further analysis indicated that PGT121 
was able to bind the gp120 glycoform that carries only high-mannose type N-glycans. 
The nature of the epitope of PGT121 remains to be characterized. As the neutraliza-
tion by PGT121 is dependent on the glycosylation at N332 and also likely on N301, 
further characterization of the nature of glycans attached at the N332 and N301 sites 
will provide novel glycopeptide templates valuable for immunogen design.   

6.4     Synthetic Carbohydrate Antigens as Mimics 
of 2G12 Epitope 

 Previous mutational and biochemical studies suggest that a unique oligomannose 
cluster on gp120 constitutes the neutralizing epitope of antibody 2G12. To design 
an immunogen capable of raising 2G12-like antibodies, research has been focused 
on the design and synthesis of novel oligomannose clusters as mimics of 2G12 epi-
tope and their application as components of immunogens. 

6.4.1     Synthetic Oligomannose Clusters Based 
on Small- Molecule Scaffolds 

 The fi rst attempt to mimic the 2G12 epitope by designing oligomannose clusters 
was described by Wang et al. ( 2004 ). After having determined by competitive 
ELISA that Man 9 GlcNAc 2  was a better subunit than Man 6 GlcNAc 2  or Man 5 GlcNAc 2  
for 2G12 recognition, further confi rming the structural importance of terminal 
Manα1,2Man linkages in 2G12 epitope, they selected Man 9 GlcNAc 2  as the oligo-
mannose subunit and used galactose as the scaffold to present 2–4 copies of the 
Man 9 GlcNAc 2  subunit. The choice of a galactose scaffold was based on the consid-
eration that the oligomannose subunits being installed at the C-3, 4, and 6 positions 
of the galactopyranose ring would all face one side of the ring to form a cluster, 
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while the oligomannose sugar chain installed at position C-2 was likely to be located 
on the fl ank of the cluster. This design was hypothesized to form oligomannose 
clusters that mimic the 2G12 epitope on gp120. For this purpose, a galactopyrano-
side was functionalized with 2–4 maleimide groups and the Man 9 GlcNAc 2 Asn was 
modifi ed to install a thiol group. Chemoselective ligation between the thiol-tagged 
Man 9 GlcNAc 2 Asn and the maleimide-functionalized scaffolds then led to the syn-
thesis of bi-, tri-, and tetravalent galactose-based oligomannose clusters (Wang et al. 
 2004 ). The structure of a tetravalent Man 9 GlcNAc 2  cluster is shown in Fig.  6.2a . 
The affi nity of the synthetic clusters was evaluated by a competitive ELISA in 
which 2G12 binding to the immobilized HIV-1 gp120 was competed with the oligo-
mannose clusters. The IC 50  values decreased from 0.95 mM for Man 9 GlcNAc 2 Asn 
to 0.013 mM for the tetravalent Man 9 GlcNAc 2  cluster, clearly showing that 2G12 
binds better to multivalently displayed oligomannose.

   In an attempt to more precisely mimic the spatial confi guration of the 2G12–
gp120 interaction proposed by Wilson and co-workers, where the three 
Man 9 GlcNAc 2 Asn glycans located at positions N332, N339, and N392 were pro-
posed to interact with the domain-exchanged confi guration of antibody 2G12 
(Calarese et al.  2003 ), Wang and co-workers explored cholic acid as a new scaffold 
to present the oligomannose subunits (Li and Wang  2004 ). They derivatized the 
hydroxyl groups in position 3α, 7α, and 12α of cholic acid with a maleimide- 
functionalized spacer in such a way that the oligosaccharide attaching sites are at a 
distance comparable (between 12 and 20 Å) to that of the side chains of N332, 
N339, and N392. Coupling the thiol-tagged Man 9 GlcNAc 2 Asn to the maleimide 
scaffold provided a novel trivalent oligomannose cluster (Fig.  6.2b ). The affi nity of 
the trivalent oligomannose cluster for 2G12 was then evaluated by measuring the 
inhibition of the 2G12–gp120 binding by competitive ELISA. The IC 50  of the clus-
ter was found to be ~20 μM, indicating a roughly 50-fold higher affi nity than that of 
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  Fig. 6.2    Structures of small-molecule-scaffolded oligomannose clusters. ( a ) Oligomannose clus-
ter using galactopyranoside as a scaffold; ( b ) oligomannose cluster using cholic acid as a scaffold. 
Particulars of the synthesis of these structures are reported elsewhere (Wang et al.  2004 ; Li and 
Wang  2004 )       
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the Man 9 GlcNAc 2 Asn subunit. Again, a clear clustering effect in 2G12 binding was 
observed for the synthetic mimic of 2G12 epitope. Despite the signifi cant affi nity 
enhancement of the tri- and tetravalent Man 9 GlcNAc 2  glycan clusters in comparison 
to the oligomannose subunit, the affi nity of the best synthetic epitope mimics for 
2G12 was in the micromolar range, which was still distant from the nanomolar 
affi nity between HIV-1 gp120 and 2G12. Thus, further work was necessary in order 
to achieve a better mimic of the 2G12 epitope, such as by optimizing the rigidity of 
the scaffold confi guration.  

6.4.2     Oligomannose Clusters Based on Cyclic Peptide 
Scaffolds 

 In order to design an effective structural mimic of 2G12 epitope, Danishefsky and 
co-workers used a cyclic peptide scaffold with built-in fl exibility to present syn-
thetic oligomannose glycans in a predetermined orientation, number, and distance 
(Krauss et al.  2007 ). They prepared two cyclic peptide scaffolds with handles for 
two or three Man 9 GlcNAc 2  oligosaccharides, respectively, and one carrier protein 
(Fig.  6.3a ). Using SPR, they studied the binding affi nity for 2G12 of the mono-, bi-, 
and trivalent oligomannoses. They found that while the monovalent construct did 
not show a measurable response, the bi- and trivalent glycopeptides exhibited appar-
ent binding to 2G12, suggesting the importance of multivalency for 2G12–glyco-
peptide interaction. Based on this observation, they conjugated the bivalent 
Man 9 GlcNAc 2 -cyclic peptide to the Outer Membrane Protein Complex (OMPC) of 
 Neisseria meningitidis  for immunization studies (Joyce et al.  2008 ).
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  Fig. 6.3    Structures of cyclic peptide-based oligomannose clusters. ( a ) Synthetic Man 9 GlcNAc 2  
cluster (Krauss et al.  2007 ); ( b ) selectively fl uorinated Man 4  cluster (Wang et al.  2007 )       
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   Independently, Wang and co-workers synthesized another cyclic peptide template, 
the regioselectively addressable functionalized template (RAFT), as a scaffold to 
construct clusters of the D1 arm of Man 9 GlcNAc 2 , as mimic of the 2G12 epitope. 
Using copper(I)-catalyzed 1,3-dipolar azide–alkyne cycloaddition (CuAAC), they 
coupled four α-linked Man 4  to one face of the cyclic peptide and two copies of a 
T-cell peptide to the other face (Wang et al.  2007 ) (Fig.  6.3b ). In one construct the 
C6 position of the nonreducing terminal mannose of D1 was fl uorinated in the hope 
of enhancing the immunogenicity if the construct moves on for immunization stud-
ies in animals. The binding affi nity of the synthetic oligomannose clusters for 2G12 
was evaluated by SPR analysis. As expected, the cyclic peptide- based oligoman-
nose clusters displayed signifi cant binding for 2G12 while the D1 arm oligoman-
nose alone did not show any measurable binding. In addition, it was shown that the 
introduction of two T-helper peptides on the other face of the template did not affect 
the recognition of the oligomannose clusters by 2G12.  

6.4.3     Synthetic Oligomannose Clusters Based on Dendron 
Scaffolds 

 To achieve high-affi nity binding for 2G12, Wong and co-workers designed and syn-
thesized oligomannose dendrons that display multivalent oligomannoses in high 
density (Wang et al.  2008 ). They used an AB3 type dendrimeric skeleton as the 
scaffold and applied the CuAAC reaction to attach 3 (fi rst generation), 9 (second 
generation), and 27 (third generation) copies of synthetic D1 arm tetrasaccharide 
(Man 4 ) or Man 9  oligosaccharide on the dendrimeric scaffold. Competitive binding 
analysis showed that the dendrimers carrying 9–25 copies of the D1 arm Man 4  or 
the Man 9  subunits could bind to 2G12 very effi ciently. In particular, a second gen-
eration (9-valent) Man 9  dendrimer (Fig.  6.4a ) showed optimized affi nity for 2G12 

  Fig. 6.4    Structures of dendron-based oligomannose clusters. ( a ) Glycodendrimer based on an 
AB3 type dendrimeric skeleton (Wang et al.  2008 ); ( b ) glycodendrimer based on a polyamido-
amine (PAMAM) scaffold (Kabanova et al.  2010 )       
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and the dendritic cell-specifi c lectin DC-SIGN (with an IC 50  in the nanomolar 
range). Thus the synthetic glyco-dendrimers are comparable to HIV-1 gp120 in 
their binding to 2G12 and DC-SIGN, implicating their effi cient mimicking of HIV-1 
gp120 in terms of the presentation of the dense oligomannose clusters. These results 
suggest that the synthetic glyco-dendrimers may be further developed as candidate 
vaccines or as HIV microbicides for blocking virus transmission.

   In another study, Costantino and co-workers utilized a polyamidoamine 
(PAMAM) scaffold to generate four- and eight-valent oligomannose clusters of 
HIV-1-related oligomannose antigens Man 4 , Man 6 , and Man 9  (Fig.  6.4b ) (Kabanova 
et al.  2010 ). The ability of the different constructs to inhibit the binding of gp140 to 
2G12 was measured by a competitive SPR assay. Multivalent presentation of oligo-
mannoses increased the binding ability of Man 4  and Man 9  to 2G12. Disappointingly, 
the highest affi nity 8-valent cluster, with eight copies of the Man 9  subunit, binds to 
2G12 with an IC 50  in only the micromolar range, which is comparable to the afore-
mentioned small-molecule scaffold (galactose, cholic acid, and cyclic peptide)-
based oligomannose clusters.  

6.4.4     Oligomannose Clusters Based on Viral Capsids and Gold 
Nanoparticles 

 Finn, Burton and co-workers explored virus-like particles (VLPs) as scaffolds to 
present multiple copies of oligomannose in a rigid and highly repetitive fashion, 
aiming to mimic the high-density presentation of high-mannose glycans on gp120 
(Astronomo et al.  2010 ). CuAAC chemistry was used for conjugation, which was 
achieved by chemically replacing surface-exposed lysine residues on the viral scaf-
folds with alkynyl groups, followed by reaction with azido derivatives of the oligo-
mannosides (Fig.  6.5 ). To investigate the importance of the number and geometry of 
glycan conjugation points for recreating features of the HIV glycan shield and thus 
eliciting 2G12-like antibodies, oligomannosides were coupled to the surface of the 
icosahedral capsids of wild-type bacteriophage Qβ and cowpea mosaic virus 
(CPMV) which, although similar in size, differ in the geometric arrangement of 
surface-exposed lysines. Two Qβ mutants, dubbed QβK16M and QβHPG, were also 
explored. In mutant QβK16M, the lysine that is most exposed on wild-type bacte-
riophage Qβ is replaced by methionine, thus reducing the relative number of glycan 
conjugation sites on the capsid protein. In mutant QβHPG, the most-exposed lysine 
is replaced by an alkyne-containing unnatural amino acid (“HPG”), which enables 
attachment of different glycan types at different locations on the viral particle scaf-
fold (Fig.  6.5 ). The oligomannose compounds Man 4 , Man 8 , and Man 9  were used for 
conjugation. The ability of the different capsid glycoconjugates to interact with 
2G12 was analyzed by two different methods: (a) a conventional ELISA where 
serial dilutions of 2G12 IgG were allowed to bind antigens coated onto ELISA 
plates and (b) a 2G12 sandwich ELISA where glycoconjugates were captured onto 
microtiter plates coated with serial concentrations of 2G12 and the captured 
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conjugates then detected with biotinylated 2G12. Although the Qβ (wild-type) and 
QβK16M conjugates carrying Man 4  and Man 9  showed nanomolar apparent affi ni-
ties for 2G12, this was still 50–100-fold weaker than 2G12’s apparent affi nity for its 
cognate antigen gp120. Surprisingly, none of the CPMV conjugates were recog-
nized by 2G12. Moreover, a bovine serum albumin (BSA)-(Man 4 ) 14  glycoconjugate 
also failed to interact with 2G12 in the aforementioned modifi ed sandwich ELISA, 
suggesting that uncontrolled multimerization of oligomannose on a protein carrier 
might not be suffi cient to correctly represent the 2G12 epitope.

   In an approach similar to that by Finn and Burton described above, Davis and 
co-workers conjugated a non-self D1 tetrasaccharide (Man 4 ) derivative containing a 
C-6 methylated mannose residue at the nonreducing terminus to Qβ (Doores et al. 
 2010b ). They found that the resulting VLP-based glycoconjugate was able to bind 
2G12 even better than the D1 Qβ-Man 4  conjugate. 

 Penadés and co-workers instead explored gold nanoparticles (GNPs) as scaffolds 
to display oligomannose in a high-density three-dimensional arrangement of carbo-
hydrate antigens mimicking the 2G12 epitope (Marradi et al.  2011 ). A tetra-manno-
side-coated GNP with an average substitution degree of 7 showed the inhibition of 
the gp120–2G12 interaction, yet at a micromolar level of affi nity, which is compa-
rable to the GNP coated with an average of 56 copies of tetra- mannoside. In vitro 
assays demonstrated that the Man 4 -GNPs conjugates could block the 2G12-mediated 

  Fig. 6.5    Synthesis of the Qβ-based oligomannose clusters.  Top panel : Synthesis of wild-type (wt) 
Qβ and mutant QβK16M glycoconjugates.  Middle panel : Synthesis of QβHPG glycoconjugates 
QβHPG-Man 8  and QβHPGMan 8 /Man 9 .  Bottom panel : Chemical structure of the azido-derived 
oligomannosides (Man 4 , Man 8 , Man 9 ) for conjugation to Qβwt and QβK16M. Details of the syn-
thesis of these conjugates are reported elsewhere (Astronomo et al.  2010 ). Coloring of the chemi-
cal structures is the same as in Fig.  6.1        

 

L.-X. Wang et al.



157

neutralization of a replication-competent virus. An advantage of using GNPs as a 
scaffold is that additional components such as T-helper and adjuvants could be 
inserted into the scaffold to improve the immunogen design.   

6.5     Immunogen Design and Immunization Studies 

 Carbohydrates are in general poorly immunogenic due to the lack of helper T cell 
epitopes and thus the inability to engage T cells. This has traditionally been over-
come by conjugating carbohydrates to carrier proteins that provide T cell epitopes. 
The hapten-carrier concept has been known since 1929 when Avery and Goebel 
demonstrated that simple derivatives of glucose and galactose were able to induce 
specifi c antibodies in rabbits when conjugated to proteins, otherwise non- 
immunogenic (Avery and Goebel  1929 ). Glycoconjugate vaccines are among the 
safest and most effi cacious vaccines developed to date. The fi rst protein–polysac-
charide conjugate vaccine was developed against  Haemophilus infl uenzae  type b 
(Hib), which was based on pioneering studies of John Robbins’s team (Schneerson 
et al.  1980 ) and was licensed between 1987 and 1990. Research on glycoconjugate 
vaccines has been extended to target other life-threatening pathogens, such as 
 Neisseria meningitidis ,  Streptococcus pneumoniae,  and group B  Streptococcus  
(Astronomo and Burton  2010 ), and nowadays conjugate vaccines against 13 most 
common pneumococcal serotypes and meningococcal serogroups A, C, W-135, and 
Y are commercially available. The conjugation approach is now being applied to the 
development of vaccines against fungal diseases, malaria, and noninfectious dis-
eases, such as cancer, Alzheimer’s, hypertension, autoimmunity, and drug abuse 
(Costantino et al.  2011 ). 

 The main aspects of adaptive immune responses to polysaccharide and glyco-
conjugate antigens have been covered by a number of excellent reviews (Kelly et al. 
 2005 ; Pollard et al.  2009 ; Astronomo and Burton  2010 ; Avci and Kasper  2010 ). 
Chemical conjugation of polysaccharides to protein carriers allows uptake and pro-
cessing of the protein carrier by antigen-presenting cells (APCs) including dendritic 
cells, macrophages, and polysaccharide-specifi c B cells and presentation, on their 
surface, of the resulting peptides or glycopeptides in association with MHC class II. 
Further interaction with carrier-specifi c T cells then induces polysaccharide- specifi c 
B-cell differentiation, leading to a higher quality response characterized by immu-
nological memory and boosting by repeated vaccine doses. However, despite the 
long history of glycoconjugate vaccines and their track records in term of safety and 
effi cacy, their mechanisms of action are still not completely understood. In particu-
lar, the function of the sugar moiety during antigen presentation in association with 
MHCII complex and subsequent interaction with T cell receptor are still unclear. 
Knowing that carbohydrate antigens are T-independent antigens and that most of 
the carbohydrate antigens are not able to bind MCHII after APC processing, the 
elicitation of T-cell help by glycoconjugates has been attributed to the peptide moi-
ety derived from protein processing. However, another mechanism has been 
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proposed by Kasper and co-workers (Avci et al.  2011 ). In their model, there are 
T-cell populations that recognize carbohydrate epitopes derived by APC processing 
of conjugate vaccines. When presented in association with MHCII, these epitopes 
recruit T-cell help for the induction of carbohydrate-specifi c antibodies. It is con-
ceivable that more than one mechanism of interaction with T cells exists and con-
tributes to the activation and differentiation of carbohydrate-specifi c B cells. 

 After identifi cation of the 2G12 epitope on HIV gp120 and application of syn-
thetic strategies to reproduce it, several research groups have moved on to formulat-
ing immunogens aimed at eliciting 2G12-like antibodies that recognize the same 
epitope on the surface of gp120 and have biological properties comparable to 2G12. 
Dealing with a carbohydrate epitope with a propensity of poor immunogenicity, the 
basic concepts and lessons learned from bacterial polysaccharide vaccine develop-
ment have been applied to date in developing a carbohydrate-based HIV vaccine. 
Accordingly, most if not all of the synthetic constructs prepared to mimic the 2G12 
epitope have been designed with the built-in functionality to link the selected oligo-
mannose and/or its clusters to protein carriers or T cell epitope peptides. Major 
immunogens designed so far and tested in animals are summarized in Fig.  6.6 .

6.5.1       Immunogens Based on Conjugation of Oligomannose 
Clusters and a Carrier Protein 

 Wang and co-workers conjugated the tetravalent Man 9 GlcNAc 2  clusters presented 
on a galactose scaffold (Man 9  cluster) to the tetanus toxoid-derived T cell epitope 
peptide CGQYIKANSKFIGITEL or to KLH as carrier protein and tested these con-
structs (Fig.  6.6a ) for their immunogenicity in rabbits (Ni et al.  2006 ). While moder-
ate anti-carbohydrate antibodies were raised that recognized HIV-1 gp120, the 
majority of immune responses raised were against the maleimido linker used for the 
conjugation. The authors concluded that the selection of the linker in raising anti-
bodies against particularly weak carbohydrate haptens seems critical. This is in line 
with other reports which indicated that constrained spacers such as cyclohexyl 
maleimide elicited a signifi cant amount of undesirable antibodies (Peeters et al. 
 1989 ; Phalipon et al.  2009 ). 

 To test the effi cacy of cyclic peptide-templated glycopeptides, Joyce et al. ( 2008 ) 
conjugated a bivalent glycopeptide to the powerful immune-stimulating OMPC of 
 Neisseria meningitidis  (Fig.  6.6b ). Roughly 2,000 copies of the glycopeptide were 
conjugated to the OMPC. The glycoconjugates, adsorbed onto aluminum hydroxy-
phosphate and formulated with QS21 adjuvant, elicited high levels of carbohydrate- 
specifi c antibodies in guinea pigs and rhesus macaques (Joyce et al.  2008 ). However, 
these antibodies poorly recognized recombinant gp160 and did not prevent HIV 
infection of target cells in vitro. To examine whether antibodies produced during 
natural infection could recognize the mimetics, the authors used the glycoconjugates 
to screen a panel of HIV-1-positive and HIV-1-negative sera (Joyce et al.  2008 ). 
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Strikingly, they observed no signifi cant recognition of the glycopeptides even though 
some sera contained antibodies that competed with 2G12 for binding to recombinant 
gp120. These results illustrate the diffi culty of mimicking the antigenic presentation 
of high-mannose sugars on gp120 and show that despite the apparent immunogenic-
ity of tightly clustered oligomannose sugars in natural HIV infection (Walker et al. 
 2010 ; Lavine et al.  2012 ; Moore et al.  2012 ), immunizing with tightly clustering 
oligomannose sugars is insuffi cient to yield anti- carbohydrate antibodies that neu-
tralize HIV. One possible explanation, as noted by the authors (Joyce et al.  2008 ), 
could be conformational fl exibility of the oligomannose arms which might cause a 
dilution of the immune response to carbohydrate structures that resemble those 
found on gp120. 

  Fig. 6.6    Overview of synthetic glycoconjugate immunogens used for immunizations. Coloring of 
the chemical structures is the same as in Fig.  6.1 .  Green circles  represent mannose residues and 
 blue squares  represent GlcNAc residues. ( a ) Man 9 GlcNAc 2 -cluster/KLH conjugate (Ni et al. 
 2006 ). The carbohydrate content of the cluster is ~15 %; ( b ) Glycoconjugate of a synthetic cyclic 
peptide-based bivalent Man 9 GlcNAc 2  and the OMPC of  Neisseria meningitidis  (Joyce et al.  2008 ). 
The number ( n ) of glycopeptide molecules per molecule of OMPC ranges from ~2,000 to 3,000; 
( c ) Man 4 -BSA glycoconjugate (Astronomo et al.  2008 ). The number ( n ) of Man 4  molecules per 
BSA molecule is 14; ( d ) Glycoconjugate comprises a Man 9 (PAMAM) 8  dendron-based oligoman-
nose cluster and the carrier protein CRM197 (Kabanova et al.  2010 ). The average molar loading of 
glycan onto the protein is 2 for Man 9 (PAMAM) 8  clusters; ( e ) bacteriophage QβK16M-based con-
jugates carrying Man 4  or Man 9  (Astronomo et al.  2010 ). In each case, the number ( m ) of glycans 
per phage molecule is 450 ± 50; ( f ) Qβ-based conjugates carrying nonself C6-methylated mannose 
moiety (Doores et al.  2010b ). The average number ( n ) of glycans per Qβ particle is ~300       
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 To examine the immunogenicity of the D1 arm (Man 4 ) oligosaccharide, Burton 
and co-workers generated a BSA glycoconjugate (BSA-(Man 4 ) 14 ) by coupling an 
activated ester of the synthetic Man 4  to lysine residues on BSA (Fig.  6.6c ) 
(Astronomo et al.  2008 ). Immunization of rabbits with BSA-(Man 4 ) 14  elicited sig-
nifi cant titers of antibodies specifi c for Man 4 . However, these antibodies were 
unable to bind HIV-1 gp120. Further analysis with glycan microarray technology 
revealed that the serum antibodies were able to bind a variety of unbranched and, to 
a lesser extent, branched Man 9  derivatives, but were unable to recognize natural 
oligomannose that contains the chitobiose GlcNAc 2  core. These results suggest 
potential differences in the presentation of Man 4  on neoglycoconjugates versus nat-
ural glycoproteins in which the N-glycans are linked to the protein through a chito-
biose core. This difference poses a challenge for eliciting anti-oligomannose 
antibodies capable of cross-reacting with gp120 and neutralizing HIV-1. However, 
it is worth noting that glycoconjugates incorporating the chitobiose core have also 
not elicited the desired antibodies, suggesting that the issue is more complex. 

 In another study, Costantino and co-workers conjugated PAMAM dendron-based 
Man 4  and Man 9  clusters to the protein carrier CRM197 (Fig.  6.6d ) (Kabanova et al. 
 2010 ). CRM197 is a nontoxic mutant of diphtheria toxin (Giannini et al.  1984 ) for 
which the crystal structure has been solved recently (Malito et al.  2012 ) and which 
has been used successfully as a carrier for pneumococcal,  Haemophilus infl uenza  
type b and meningococcal glycoconjugate vaccines. The average molar loading 
onto the protein was 10 and 6 for Man 4 (PAMAM) 4  and Man 9 (PAMAM) 4 , respec-
tively, and 4 and 2 for the Man 4 (PAMAM) 8  and Man 9 (PAMAM) 8  clusters, respec-
tively. The conjugates were formulated with MF59, a well-known adjuvant for 
human use and in particular commonly used for seasonal fl u vaccination, and tested 
for their immunogenicity in rabbits and mice with a three-injection immunization 
schedule. All the conjugates induced Man 9 -specifi c IgG antibodies in both rabbits 
and mice; however, the sera again failed to recognize recombinant HIV-1 gp120 
proteins. Inappropriate spacing of oligomannose antennae in the synthesized clus-
ters, too much fl exibility of the linker region between the oligomannoses and the 
PAMAM core or insuffi cient density of the cluster molecules on the carrier protein 
surface were considered as possible issues for future investigation.  

6.5.2     Immunogens Based on Virus-Like Particles 

 In addition to the aforementioned BSA-Man 4  conjugates, Burton and co-workers 
also investigated the immunogenicity of the QβK16M-Man 4  and QβK16M-Man 9  
glycoconjugates in rabbits (Astronomo et al.  2010 ) (Fig.  6.6e ). The two conjugates 
were able to elicit antibodies specifi c for different synthetic oligomannoses. 
Disappointingly however, none of the sera bound recombinant gp120s correspond-
ing to different HIV-1 isolates or exhibit HIV-neutralizing activities in vitro. Glycan 
microarray analysis of the serum antibody specifi cities confi rmed that the sera were 
unable to recognize natural high mannose glycans. 
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 Hypothesizing that the diffi culty to induce 2G12-like antibodies may be due to 
the use of conjugates containing the natural  d -mannose sugar moiety, Davis and 
co- workers designed a strategy based on the observation (Calarese et al.  2003 ) that 
the nonself sugar  d -fructose binds 2G12 more tightly than  d -mannose (Doores et al. 
 2010b ). Informed by the crystal structure of the  d -fructose/2G12 Fab complex and 
by docking studies of  d -mannose derivatives in complex with 2G12 Fab, they con-
sidered that nonself modifi cations with alkyl groups at C3, C5, and C6 on the non-
reducing terminal mannose of the D1 arm could result in glycans still capable of 
being effi ciently recognized by 2G12. Their binding studies suggested that a methyl 
substitution at C6 of  d -mannose generated a more potent inhibitor of the 2G12–
gp120 binding than  d -fructose, and that the D1 arm tetrasaccharide derivative with 
a nonself methyl substitution at C6 of the nonreducing terminal mannose was a 
stronger binder to 2G12 than D1. Encouraged by these fi ndings, the authors conju-
gated the C6 methyl D1 derivative and native D1 to Qβ VLPs (Fig.  6.6f ). Rabbits 
immunized with the Qβ-nonself D1 conjugate elicited higher levels antibodies to 
anti-Man 4  and anti-Man 9  in comparison to rabbits immunized with the Qβ-native 
D1 glycoconjugate, supporting the hypothesis that nonself modifi cation improved 
immunogenicity. However, despite this improvement, the sera were unable to bind 
gp120 and failed to show any HIV-neutralizing activity in pseudovirus neutraliza-
tion assays. 

 As can be concluded from the sections above, no glycoconjugate immunogen 
thus far reported has been able to induce 2G12-like antibodies capable of neutral-
izing HIV-1. Notably, most of the anti-oligomannose antibodies raised by the syn-
thetic oligomannose-containing glycoconjugates were unable to bind to HIV-1 
gp120, even though HIV-1 gp120 carries a large number of high-mannose type 
N-glycans. This observation raises questions about the particular presentation and 
accessibility of the high-mannose N-glycans on the gp120 surface of infectious viri-
ons. Given that glycoconjugates containing the full-size N-glycan with two GlcNAc 
moieties, such as Man 9 GlcNAc 2 , could raise antibodies that at least moderately 
bound gp120 or gp160 (Ni et al.  2006 ; Joyce et al.  2008 ), the fi ndings implicate that 
the innermost two GlcNAc moieties in the N-glycan might play an important role in 
determining the appropriate orientation of the N-glycans in the synthetic glycocon-
jugates or in HIV-1 envelope glycoproteins. This factor should be taken into account 
in future immunogen design. Recent immunization studies with yeast mutants 
expressing the natural Man 8 GlcNAc 2  N-glycans, performed by Geng and co- 
workers, further highlighted this notion (Luallen et al.  2008 ,  2010 ; Agrawal-Gamse 
et al.  2011 ). Their studies demonstrated that a yeast mutant expressing exclusively 
Man 8 GlcNAc 2  N-glycans was able to elicit carbohydrate-specifi c IgG antibodies 
that were cross-reactive with HIV-1 gp120, and that the yeast-elicited antibodies 
could effi ciently neutralize virions expressing exclusively high-mannose N-linked 
glycans (vide infra) (Agrawal-Gamse et al.  2011 ). 

 Another key challenge to eliciting 2G12-like bNAbs is the design of immuno-
gens capable of promoting the development of domain-exchanged antibodies. 
As discussed by Burton and co-workers (Doores et al.  2013 ), a successful immuni-
zation strategy may require 2G12 germ line B-cell activation to generate, following 

6 Anti-Carbohydrate HIV Vaccine Design



162

somatic mutations, a B-cell population displaying a portion of domain-swapped 
B-cell receptors (BCR) with high affi nity for clustered mannose antigens, and this 
could lead to the preferential selection of those B cells expressing a domain- 
exchanged BCR instead of those expressing a conventional one. Taken together, 
these studies suggest that both the nature of the HIV-1 high-mannose N-glycans and 
the context where they are present, including the nature of linkages between the 
glycans and proteins, are likely critical for raising anti-glycan NAbs that can neu-
tralize HIV-1.   

6.6     Natural Carbohydrate Antigens as Mimics of 2G12 
Epitope 

 Given that the glycan shield on HIV is well exposed on the viral spike and that the 
cluster(s) of high-mannose glycans are a viable target, the key questions would be 
how to design immunogens that can best mimic the conformational epitopes recog-
nized by glycan-specifi c bNAbs and how to elicit such types of bNAbs through 
immunization. Considerable efforts have been made to recapitulate the 2G12 epit-
ope in a variety of contexts using chemically synthesized oligomannose-containing 
glycoconjugates as described in above sections and previous reviews (Wang  2006 ; 
Astronomo and Burton  2010 ). In this section, we will focus on recent advances in 
the development of natural or biological carbohydrate antigens as mimics of the 
2G12 epitope, which mainly includes three approaches, i.e., manipulation of the 
N-glycan-processing pathway in mammalian cells, genetic engineering of yeast 
strains, and identifi cation of natural oligosaccharides in bacteria. 

 To artifi cially create the 2G12 epitope, Scanlan and co-workers treated human 
293T cells expressing a selection of non-antigenic self proteins with kifunensine, a 
plant alkaloid that potently inhibits α-mannosidase I activity in the endoplasmic 
reticulum (ER), which prevents further trimming of mannose residues on 
Man 9 GlcNAc 2  in the Golgi apparatus and therefore enriches the expression of high- 
mannose glycans, mainly non-processed Man 9 GlcNAc 2.  As a result, multiple 2G12 
epitopes were created on the surface of the otherwise non-antigenic proteins 
(Scanlan et al.  2007 ). Among the proteins of particular note was CEACAM1, a 
highly glycosylated protein containing 21 potential N-linked glycosylation sites 
(PNGS) in its 492 amino acids of mature form. 

 Recently, Pantophlet and co-workers reported a naturally occurring 2G12 epit-
ope mimic derived from a bacterial lipooligosaccharide (LOS) of the soil bacterium 
 Rhizobium radiobacter  Rv3 (Clark et al.  2012 ). The carbohydrate backbone of Rv3 
LOS consists of a unique tetramannose segment that is an analog to the D1 arm of 
high-mannose glycan (De Castro et al.  2008 ). 2G12 bound to the purifi ed Rv3 LOS 
and Rv3 bacterial cells, and immune sera raised with heat-killed whole bacteria 
bound to BSA-Man 4  and monomeric gp120 but failed to neutralize the virus. Among 
the three approaches, genetically manipulated yeast systems have been more exten-
sively studied and the progress in this area is summarized below. 
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6.6.1     A Functional System Versus a Specifi c Target 

 Considering the facts that a safe and effective vaccine with cheap production in 
large scale is the best hope to stop the epidemic of HIV/AIDS, Geng and co-workers 
have searched for an expression system aiming to identify heterologous glycopro-
teins as mimics of 2G12 epitope. They initially screened several species, including 
plants, insects, fungi, and mammals, in hopes of identifying a species in which the 
N-glycan-processing machinery can be genetically manipulated and glycoproteins 
can be produced cost-effectively. Among these species,  Saccharomyces cerevisiae  
stood out based upon the following characteristics: (a) its N-glycosylation pathway 
is relatively simple without obviously recognized homologs of the key enzymes that 
process Man 8 GlcNAc 2  in the Golgi apparatus (Dean  1999 ; Herscovics  1999 ), which 
makes it possible to produce exclusive Man 8 GlcNAc 2  type of N-glycans, the major 
form of glycans in the 2G12 epitope, without concerns for functional replacement 
of the mutated genes by their homologs; (b) recombinant proteins produced in this 
system have been used clinically as therapeutic drugs and prophylactic vaccines for 
humans (Walsh and Jefferis  2006 ); (c) it is easy to grow, producing glycoproteins 
inexpensively in large scale (Walsh and Jefferis  2006 ); and (d) its genome sequence 
information has been well annotated and can be used for identifi cation and produc-
tion of target glycoproteins (Cherry et al.  1997 ; Winzeler et al.  1999 ; Giaever et al. 
 2002 ). Thus, the baking yeast  S .  cerevisiae  offers multiple advantages over other 
species and was selected as a practical system to develop genetic scaffolds as mim-
ics of the 2G12 epitope from not only  S .  cerevisiae  but also other species.  

6.6.2     Genetically Engineered  S .  cerevisiae  Mutant Strains 

 The key to replicate the 2G12 epitope is to produce glycoproteins with dense clus-
ters comprising several high-mannose glycans, specifi cally the D1 arm with a 
structure of Manα1,2Manα1,2Manα1,3Man tetrasaccharides on Man 9 GlcNAc 2 , 
Man 8 GlcNAc 2 , or an isoform of Man 7 GlcNAc 2 , collectively referred to as Man 7–

9 GlcNAc 2 . In the ER, the N-linked glycan-processing pathway in yeast and mam-
malian cells is basically identical, resulting in proteins containing the Man 8 GlcNAc 2  
type of high-mannose glycan with the terminal α1,2-linked mannose on D2 arm 
being trimmed off. In mammalian cells, Man 8 GlcNAc 2  is further trimmed by man-
nosidases to Man 5 GlcNAc 2  or Man 3 GlcNAc 2  in the Golgi apparatus followed by 
adding other sugar residues to form hybrid- or complex-types of N-glycans. In 
yeast cells, however, mannose residues are directly added to the core Man 8 GlcNAc 2  
structure without further trimming in the Golgi apparatus (Dean  1999 ; Herscovics 
 1999 ). Three mannosyltransferases encoded by the  och1 ,  mnn1,  and  mnn4  genes, 
respectively, in the  S. cerevisiae  Golgi apparatus are the essential enzymes respon-
sible for the initiation of a polymannose oligosaccharide, with a side chain being 
initiated by Och1p, and the addition of terminal α1,3-linked mannose and 
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phosphomannose residues by Mnn1p and Mnn4p, respectively, on the D1 and D3 
arms of the core Man 8 GlcNAc 2  structure (Fig.  6.7 ). To produce glycoproteins with 
only a Man 8 GlcNAc 2  structure, an  S .  cerevisiae  triple mutant (TM) was generated 
by eliminating the three aforementioned genes ( och1 ,  mnn1,  and  mnn4 ) as illus-
trated in Fig.  6.7  (Luallen et al.  2008 ). 2G12 bound well to the whole yeast cells of 
the TM strain, but not to the wild-type, as indicated by immunostaining and whole 
cell ELISA. Glycan profi ling of the carbohydrates released from the whole yeast 
cells indicated that N-glycans from this mutant were almost exclusively 
Man8GlcNAc2, the major form of the glycans that constitute the 2G12 epitope. 
Immunization of rabbits with heat-killed whole TM yeast cells induced antibodies 

  Fig. 6.7    N-linked glycosylation pathway in wild-type  S .  cerevisiae  and  S .  cerevisiae  triple-mutant 
(Δ och1 Δ mnn1 Δ mnn4 ). In the ER, after  en bloc  transfer of Glc 3 Man 9 GlcNAc 2  to nascent polypro-
teins, the three glucose residues are fi rst cleaved, and then the terminal mannose residue on D2 arm 
of Man 9 GlcNAc 2  is trimmed by mannosidase Mns1p (step 1). In the Golgi apparatus of wild-type 
yeast, N-glycans are processed as follows. In step 2, the fi rst α1,6-linked-mannose backbone resi-
due is added by Och1p in the  cis -Golgi to initiate the polymannose side chain. In step 3a, a few 
mannose residues are added by Mnn1p and Mnn4p on the core Man 8 GlcNAc 2 , which cap the ter-
minal α1,2-Man on D1 and D3 arms. In step 3b, numerous mannose residues, with an average of 
160, are added by different mannosyltransferases to elongate the polymannose side chain (Dean 
 1999 ). Mannose sugars added by Och1p, Mnn1p, and Mnn4p in the Golgi apparatus of wild-type 
yeast are depicted with vertical, horizontal, and diagonal lines, respectively. In the TM yeast, there 
is neither addition of mannose residues on Man 8 GlcNAc 2  nor initiation of polymannose side chain 
due to the absence of Och1p, Mnn1p, and Mnn4p in Golgi apparatus, which results in a majority 
of N-glycans being Man 8 GlcNAc 2  type with minor amounts of untrimmed Man 9 GlcNAc 2  (step 4)       
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that were able to cross-react with the carbohydrates on HIV-1 gp120 as described 
in detail below.

   Since the Manα1,2Manα1,2Man structure on the D1 arm of high-mannose gly-
cans is the key component of 2G12 epitope, Geng and co-workers also created a 
double mutant strain, ∆ mnn1 ∆ mnn4 , to expose the Manα1,2-Manα1,2-Man trisac-
charide structures not only on the D1 arm of Man 8 GlcNAc 2  but also on the poly-
mannose oligosaccharides of side chain as illustrated in Fig.  6.8  (Luallen et al. 
 2010 ). While neither the whole yeast cells of the ∆ mnn1 ∆ mnn4  strain nor the gly-
coproteins expressed in this strain demonstrated effi cient binding to 2G12, the 
immune sera raised with heat-killed whole yeast of the ∆ mnn1 ∆ mnn4  strain recog-
nized gp120 from multiple HIV-1 and SIV strains in a mannose glycan-dependent 
manner and bound specifi cally to the glycans that contain Manα1,2Manα1,2Man 
trisaccharide structures as detected by glycan microarray (Luallen et al.  2010 ).

   A similar approach was pursued by Scanlan and co-workers, in which an 
 S .  cerevisiae  mutant being defi cient in only α1-3 mannosyltransferase gene 
(Δ mnn1 ) was used to immunize rabbits. The resulting antibodies exhibited car-
bohydrate specifi city to Manα1,2Man motif, similar to 2G12, but demonstrated 
extremely weak neutralization of HIV (Dunlop et al.  2010 ).  

  Fig. 6.8    Depiction of expected structures of polymannose-type N-glycans produced in wild-type 
and Δ mnn1 Δ mnn4  yeast strains, with the indicated type and linkage of each monosaccharide. The 
 shaded boxes  represent repeated oligosaccharide units, with an average of ten units per N-glycan. 
Expected structures of N-glycans from wild-type and Δ mnn1 Δ mnn4  strains are based on previous 
studies of wild-type yeast and the Δ mnn1  mutant (Ballou  1990 ; Dean  1999 ). Man 8 GlcNAc 2 , an 
important N-glycan in the 2G12 epitope, is depicted with the D1 and D3 arms       
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6.6.3     Discovery and Characterization of 2G12-Reactive 
Heterologous Glycoproteins 

 While all three mutant strains of  S .  cerevisiae  described above are capable of inducing 
mannose-specifi c HIV gp120-binding antibodies, the TM (∆ och1 ∆ mnn1 ∆ mnn4 ) 
yeast system offers additional advantages, such as the expression of endogenous 
glycoproteins that are recognized by 2G12. In an attempt to identify glycoproteins 
that could present the high-mannose structures in a manner that could recapitulate 
the 2G12 epitope, Geng and co-workers searched for endogenous proteins from TM 
yeast and identifi ed four candidates (Ecm33, Gas1, Gp38, and YJL171c) that bound 
to 2G12 effi ciently (Luallen et al.  2008 ). These endogenous yeast glycoproteins, 
similar to gp120, contain a large number (10–15) and high density of PNGS, and the 
carbohydrates account for greater than 50 % of the molecular mass of these pro-
teins. In addition, the same group also identifi ed another 2G12-reactive glycopro-
tein, Pst1, in the mutant yeast strain ∆ mnn1 ∆ pmr1 . The later component, ∆ pmr1 , 
affects the function of Mn 2+ -dependent mannosyltransferases in the Golgi appara-
tus, which results in ineffi cient transfer of mannose residues to the core Man 8 GlcNAc 2  
structure. Pst1 is a highly glycosylated yeast cell wall protein that contains 15 
PNGS. When expressed in the TM yeast, Pst1 demonstrated high affi nity to 2G12, 
effi ciently inhibited gp120 interactions with 2G12 or DC-SIGN, and also blocked 
2G12-mediated neutralization of HIV-1 pseudoviruses (Luallen et al.  2009 ). 

 To compare the antigenicity and to determine the lead candidates for immuni-
zation studies, all fi ve 2G12-reactive yeast glycoproteins (Ecm33, Gas1, Gp38, 
Pst1, and YJL171c) were expressed in TM yeast after cloning their genes into an 
expression vector and purifi ed using a combination of several approaches. 
Comparison of the fi ve yeast glycoproteins for their binding to 2G12 in ELISA, 
inhibition of gp120-2G12 and gp120-DC-SIGN interactions, and competitive 
inhibition of 2G12 neutralization of pseudoviruses demonstrated that Pst1 and 
Gp38 have similar antigenicity and the highest binding affi nity for 2G12, followed 
by ECM33, YJL171c, and Gas1. Signifi cantly, all fi ve 2G12-reactive yeast glyco-
proteins supported strong binding to the most potent glycan-dependent bNAbs 
(PGT125–128, PGT130, and PGT135), with a similar pattern to 2G12 (Yu Geng 
et al., unpublished data). Moreover, three yeast proteins Pst1, Gp38, and Ecm33 
together could absorb approximately 80 % of HIV gp120 cross-reactive antibod-
ies elicited by TM yeast (Agrawal-Gamse et al.  2011 ). A preliminary immuniza-
tion study using the top three candidates Pst1, Gp38, and Ecm33 showed that Pst1 
and Gp38 induced stronger gp120 cross-reactive  antibody responses than Ecm33 
(Yu Geng et al., unpublished data). 

 Collectively, these results highlight the potential of these heterologous glyco-
proteins of TM yeast as genetic scaffolds to recapitulate 2G12 and PGT-like 
bNab epitopes, and identify Pst1 and Gp38 as lead candidates to potentially elicit 
antibodies with 2G12- or PGT-like specifi city (Luallen et al.  2008 ,  2009 ; Yu 
Geng et al., unpublished data).  

L.-X. Wang et al.



167

6.6.4     Elicitation of High-Mannose-Specifi c HIV Cross- 
Reactive Antibody Responses with Whole Yeast Cells and 
2G12-Reactive Yeast Glycoproteins 

 Immunization of rabbits with TM (∆ och1 ∆ mnn1 ∆ mnn4 ) yeast, double mutant 
(∆ mnn1 ∆ mnn4 ) yeast, or single 2G12-reactive yeast glycoproteins elicited antibod-
ies that not only specifi cally recognized synthetic mannose-containing glycans, but 
also recognized monomeric gp120 proteins from virtually all HIV strains tested 
(Luallen et al.  2008 ,  2010 ; Agrawal-Gamse et al.  2011 ; Yu Geng et al., unpublished 
data). The interaction of these immune sera with HIV gp120 is high-mannose 
carbohydrate- dependent since treatment of gp120 with α-mannosidases abolished 
gp120 binding by the immune sera. Furthermore, the antibodies preferentially 
bound to the glycans containing terminal Manα1,2Manα1,2Man trisaccharides, a 
structure on the D1 arm of Man 8–9 GlcNAc 2  high-mannose glycans, regardless of the 
number of mannose residues or branches on a particular glycan. While the immune 
sera elicited by TM yeast glycoproteins bound well to gp120, and some also bound 
to envelope glycoprotein trimers, they only exhibited effi cient neutralizing activity 
when the virus was produced in the presence of kifunensine, which forces retention 
of high-mannose glycans at all PNGS on gp120 (Agrawal-Gamse et al.  2011 ; Yu 
Geng et al., unpublished data). 

 These features of the immune sera raise an important question—why do they bind 
well to HIV gp120 but do not effi ciently neutralize the virus. To address this, the 
mannose-specifi c IgG in the immune sera were purifi ed with 2G12-reactive proteins 
(Pst1, Gp38, and Ecm33) and compared with 2G12 for binding affi nity toward gp120. 
The purifi ed antibodies (IgG) bound to gp120s from clade B viruses with roughly 
100–1,000-fold lower affi nities than that of 2G12 and bound trimeric envelope glyco-
proteins poorly. However, these antibodies bound to a broader spectrum of gp120s 
from different HIV-1 subtypes than 2G12 and neutralized a genetically diverse panel 
of HIV-1 strains, albeit only when the viruses were produced in the presence of kifu-
nensine, implying that the antibodies elicited with TM yeast recognize diverse glycan 
epitopes with confi gurations or conformations that may differ from the cluster 
 recognized by 2G12 (Luallen et al.  2008 ; Agrawal-Gamse et al.  2011 ). These results 
further highlight the challenge of eliciting high-affi nity glycan-specifi c antibodies 
that can recognize the cluster of oligomannose neutralizing epitopes on gp120.  

6.6.5     Challenges and Future Studies with the Yeast Genetic 
Approaches 

 Tremendous challenges have been experienced during the past decades in develop-
ing an effective HIV/AIDS vaccine. This certainly holds true for attempts to elicit 
NAbs targeting the HIV glycan shield due to its antigenic complexity. Fortunately, 
high-mannose glycan clusters on individual 2G12-reactive yeast glycoproteins could 
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be much less diversifi ed than those on the whole TM yeast cells, and the glycan 
clusters can be easily manipulated and optimized to best recapitulate 2G12 or PGT 
bNAb epitopes. In addition, using this TM yeast system, any highly glycosylated 
protein from diverse organisms, such as fungi, insects, worms, plants, and mammals, 
can be easily produced, which will provide additional opportunities to identify alter-
native lead candidates to elicit 2G12- and PGT-like bNAb specifi city. 

 The key challenges experienced in HIV-1 glycoconjugate vaccine design using 
natural carbohydrate approach are to induce high-affi nity antibodies against the car-
bohydrate antigens and to focus the immune responses to neutralizing epitopes on 
the native envelope spike. Given the fact that carbohydrate antigens are in general 
poorly immunogenic and usually induce low affi nity antibodies (Astronomo and 
Burton  2010 ), future studies may need to explore different immunization strategies, 
such as including more potent adjuvants and extending immunization schedules, to 
potentiate immune responses to the glycan antigens and promote antibody affi nity 
maturation. In the meantime, further optimization of the high-mannose glycan clus-
ters on lead candidates using genetic approaches to best recapitulate 2G12 and PGT 
bNAb epitopes and focus the immune responses to the neutralizing determinants are 
also needed. As many of the recent glycan-dependent bNAbs engage glycans as 
well as protein backbone in their epitopes, an immunization regimen employing 
yeast glycoprotein to elicit mannose-specifi c antibodies followed by boosting with 
HIV envelope glycoprotein trimers to direct the immune response toward the gly-
can-specifi c or glycan- dependent neutralizing epitopes on the native virus may be 
required for the development of an effective carbohydrate-based HIV-1 vaccine.   

6.7     Conclusion 

 Among the few targets for the design of an effective immunogen to induce HIV-1 
NAbs, the glycan shield on the viral envelope glycoprotein has drawn particular 
attention recently as a legitimate target for HIV-1 vaccine design. Particularly, con-
certed efforts have been made to recapitulate the 2G12 epitope in a variety of con-
texts. These attempts have focused on the multivalent display of chemically 
synthesized oligomannose-containing glycoconjugates and the identifi cation of het-
erologous glycoproteins with natural high-mannose glycans that support 2G12 bind-
ing through genetic manipulation of N-glycosylation pathway. These approaches 
have provided insightful information on the structural requirement for 2G12 recog-
nition and propelled the development of diverse scaffolds to mimic the antibody 
epitope. Some of these scaffolds have shown high affi nity binding to antibody 2G12. 
In particular, the scaffold derived from a triple mutant yeast strain can elicit man-
nose-specifi c antibodies that are able to cross-react with the HIV envelope glycopro-
tein and effi ciently neutralize genetic diversity of viruses when all viral N-glycans 
are forced to retain high-mannose type N-glycans. Nevertheless, these strategies 
have had limited success in eliciting robust levels of glycan-specifi c antibodies capa-
ble of neutralizing HIV-1. Future studies should be directed toward optimization of 
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the immunogens by presenting the identifi ed oligosaccharide or glycopeptide 
 epitopes in the right context to best recapitulate the presentation of the glycan- 
specifi c or glycopeptide-dependent epitopes on the viral envelope, and dissection of 
the discrepancy between gp120 binding and virus neutralization of the antibodies 
elicited with the yeast genetic scaffolds. In addition, it is also important to explore 
the immunization conditions, including the testing of potent adjuvants and prime-
boost strategies, to potentiate the glycan-specifi c immune response and direct the 
immune response toward neutralizing epitopes on the glycan shield of HIV-1.     
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    Abstract     Carbohydrate-binding proteins constitute a growing class of antiviral 
agents. They prevent infection by blocking virus entry into the host target cells and 
also block virus transmission from virus-infected cells to non-infected cells. In 
order to illustrate the molecular basis of their antiviral activity towards human 
immunodefi ciency virus (HIV), a comprehensive review of the three-dimensional 
structures of various antiviral lectins, as well as modes and atomic determinants of 
their high-affi nity oligosaccharide recognition, is presented here. The collective 
information derived from these studies aids in the understanding of carbohydrate 
recognition of the gp120 envelope protein by these antiviral lectins and may lead to 
novel directions in the development of alternative drug-leads for the prevention of 
HIV transmission.  

  Keywords     Lectins   •   Antivirals   •   Cyanovirin-N (CV-N)   •    Oscillatoria agardhii  
agglutinin (OAA)   •   Griffi thsin (GRFT)   •   Scytovirin (SVN)   •    Microcystis viridis  
lectin (MVL)   •   Actinohivin (AH)   •   Banana lectin (BanLec)   •   High mannose glycan   
•   X-ray crystallography   •   NMR spectroscopy  

7.1         Introduction 

 Human immunodefi ciency virus (HIV) is a lentivirus that causes acquired immuno-
defi ciency syndrome (AIDS), a progressive breakdown of the human immune sys-
tem that eventually leads to life-threatening infection or death. Over the last 30 
years, extensive and comprehensive research efforts have been directed at under-
standing the HIV life cycle in the fi ght against AIDS. As a result, several effective 
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therapies and drugs that target different stages of the viral life cycle have become 
available. However, there is still no cure for HIV/AIDS to date, although valuable 
treatment options exist. The latter generally involves a combination, or “cocktails,” 
of several classes of drugs, directed predominantly against the key HIV enzymes. 
Highly Active Antiretroviral Therapy (HAART) has proved highly successful and 
has drastically reduced both new HIV infections and mortality (Pirrone et al.  2011 ; 
NIAID National Institute of Allergy and Infectious Diseases—Antiretroviral 
Therapy to Reduce the Transmission of HIV). Unfortunately, despite these major 
advances, the AIDS pandemic continues to pose a signifi cant public health concern, 
as several million people worldwide are still infected with the virus (WHO World 
Health Organization—Data and Statistics). 

 New initiatives for preventing sexual transmission of HIV have been promoted 
and the development of microbicides for topical or ex-vivo use is one possible ave-
nue (Chirenje et al.  2010 ; D’Cruz and Uckun  2004 ; Hladik and Doncel  2010 ; Minces 
and McGowan  2010 ; Turpin  2002 ; NIAID National Institute of Allergy and Infectious 
Diseases—Topical Microbicides; WHO World Health Organization—Microbicides). 
This approach will be particularly useful for curbing the escalating rate of HIV infec-
tion in women, notably in those regions of the world where social and psychological 
barriers are substantial and diffi cult to overcome (Turpin  2002 ; Team  2010 ; Minces 
and McGowan  2010 ; D’Cruz and Uckun  2004 ; Chirenje et al.  2010 ). For example, 
owing to economic and societal pressures, diagnosis and treatment of HIV infections 
may not be readily available or are stigmatized. Therefore, the potential use of micro-
bicides when applied topically to genital mucosal surfaces is potentially a powerful 
strategy to signifi cantly reduce transmission of sexually transmitted viral pathogens, 
given that application in cream form is discreet and can be completely controlled by 
women. Several candidates for use as such barrier applications include substances 
that directly interact with HIV virions, thus preventing viral entry into and fusion 
with the target cells, such as Carraguard ® , cellulose sulfate, or PRO 2000 ® , tenofovir 
gel, or substances that enhance the natural vaginal defense mechanisms by maintain-
ing an acidic pH, thereby protecting the vagina, such as Acidform ® , BufferGel ® , or 
 Lactobacillus crispatus  (Team  2010 ; Turpin  2002 ; D’Cruz and Uckun  2004 ; Hladik 
and Doncel  2010 ; Minces and McGowan  2010 ; Morrow and Hendrix  2010 ). Due to 
disappointing clinical trial outcomes for some of these candidates, new candidates, 
such as vaginal rings loaded with davifi rine, maraviroc, or a combination of both, 
have been developed and are now undergoing active testing in ongoing clinical trials 
(IPM, International Partnership of Microbicides). 

 Carbohydrate-binding proteins (lectins) represent a novel therapeutic class of 
substances for the development of microbicides (Ziolkowska and Wlodawer  2006 ; 
Botos and Wlodawer  2005 ; Barrientos and Gronenborn  2005 ; Balzarini  2006 ). 
They block infection by binding to the sugars that decorate the surface of the HIV 
envelope (Env) glycoprotein gp120, cross-linking the trimeric Env in the closed 
non-fusogenic structure and thus rendering the virus unable to enter the host target 
cell, as well as blocking direct cell-to-cell transmission between virus-infected 
and non-infected cells. Lectins can also effi ciently abrogate DC-SIGN-directed 
HIV-1 capture and subsequent transmission to T lymphocytes (Balzarini et al.  2007 ). 
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In order to provide a comprehensive view of the molecular basis of the anti-HIV 
properties of lectins, we describe here their atomic structures, distinct modes of 
glycan recognition, and binding epitopes on the oligosaccharide. The combined 
body of knowledge on these interactions may be leveraged for creating candidates 
as protein- based microbicides and may lead to novel directions in the development 
of alternative drug-leads for the prevention of HIV transmission.  

7.2     Cyanovirin-N 

 Cyanovirin-N (CV-N) is a small (11 kDa) virucidal lectin originally identifi ed in 
aqueous extracts from the cyanobacterium  Nostoc ellipsosporum  in a screen 
designed to discover anti-HIV compounds (Boyd et al.  1997 ). The amino acid 
sequence of CV-N comprises two tandem repeats, residues 1–50 (sequence repeat 1; 
SR1) and residues 51–101 (sequence repeat 2; SR2) (Gustafson et al.  1997 ). A pair 
of disulphide-bonded cysteines is present in each repeat, linking C8 to C22 in SR1 
and C58 to C73 in SR2 (Fig.  7.1a ) (Yang et al.  1999 ; Bewley et al.  1998 ; Gustafson 
et al.  1997 ). A monomeric structure of the native protein is only observed in solu-
tion, exhibiting a globular fold with an ellipsoidal shape, comprises two pseudo- 
symmetrical halves, termed domains A and B, respectively (Fig.  7.1b ) (Bewley 
et al.  1998 ). Note that each tandem sequence repeats does not constitute an indi-
vidual domain; instead, each domain is formed by strand exchange between the two 
repeats. The secondary structure elements in domain A are formed by a triple- 
stranded β-sheet (β1, β2, and β3), a β-hairpin (β9 and β10), and two 3 10 -helical turns 
(α1 and α2), encompassing residues 1–38 and residues 90–101 (Fig.  7.1b ). Likewise, 
domain B is composed of a triple-stranded β-sheet (β6, β7, and β8), a β-hairpin (β4 
and β5), and two 3 10 -helical turns (α3 and α4), comprising residues 39–89 (Fig.  7.1b ).

   CV-N was also found as a 3D domain-swapped dimer both in solution and 
crystal states (Fig.  7.1c ) (Botos et al.  2002 ; Barrientos et al.  2004 ; Yang et al. 
 1999 ). High protein concentration is a major contributory factor for domain swap-
ping of CV-N and the kinetic barrier between the domain-swapped dimer and the 
monomer can be overcome by increasing the temperature; thus for wild-type 
CV-N the domain swapped dimer is a trapped folding intermediate (Barrientos 
et al.  2004 ). Since half of one polypeptide chain is swapped between the two 
dimer halves, a “pseudomonomer” can be defi ned and this is formed by residues 
1–50 of one chain and 51–101 of the other chain. Therefore, each pseudomonomer 
exhibits the same fold as the native monomer. Indeed all phi/psi angles outside the 
hinge/loop region are within experimental error for the monomer and pseudo-
monomer and identical hydrophobic and charge interactions are present. It was 
also shown that the amino acid composition of the hinge-loop region that com-
prises residues Q50-N53 (Fig.  7.1a ) plays a key role in domain swapping 
(Barrientos et al.  2002 ; Yang et al.  1999 ). 

 The solution NMR, crystal structures of CV-N, and a number of mutant variants 
have shed light on the molecular basis of CV-N antiviral activity. The protein binds 
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  Fig. 7.1    Structure and carbohydrate specifi city of CV-N. ( a ) Sequence alignment of the fi rst and 
second repeats of CV-N. ( b ) The overall structure of monomeric CV-N drawn in ribbon representa-
tion. ( c ) The structure of domain-swapped CV-N dimer in ribbon representation. ( d ) Chemical 
structure of Man-9. ( e ) Surface representation illustrating the interactions between CV-N and 
Manα1–2Manα in both domains A and B, and between CV-N and synthetic hexamannose in 
domain A (zoom-in panel). ( f ) Schematic depiction of Man-9 binding by monomeric CV-N, illus-
trating the multisite and multivalent binding       
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readily to high mannose glycans via the reducing Manα(1–2)Man ends of the D1 or 
D3 arms of Man-8 and Man-9 on the viral envelope glycoprotein gp120 (Fig.  7.1d ) 
(Botos et al.  2002 ; Shenoy et al.  2001 ,  2002 ; Bewley  2001 ). It is this interaction 
with the glycans on HIV’s gp120 and other mannosylated viral surface proteins that 
lies at the core of CV-N’s inactivation of a wide range of enveloped viruses such as 
SIV, Ebola, infl uenza and hepatitis C, in addition to HIV (Ziolkowska and Wlodawer 
 2006 ; Barrientos et al.  2003 ,  2004 ; Barrientos and Gronenborn  2005 ; O’Keefe et al. 
 2003 ; Helle et al.  2006 ). 

 Two carbohydrate-binding sites, separated by ~35 Å, are present on CV-N 
(Bewley  2001 ; Botos et al.  2002 ). Mapping these binding sites by NMR located the 
fi rst binding site on domain A, comprising residues 1–7, 22–26, and 92–95. The 
second binding site is found on domain B and involves residues 41–44, 50–56, and 
74–78 (Bewley  2001 ; Botos et al.  2002 ). The interaction mode of a disaccharide 
with the protein was revealed by the structure of CV-N in complex with Manα(1–2)
Man, determined in solution by NMR spectroscopy (Fig.  7.1e ) (Bewley  2001 ). The 
disaccharide binds in a deep pocket on each domain in a stacked conformation. 
Hydrogen bonds with residues Lys3, Gln6, Thr7, Glu23, Thr25, Asn93, and Ile94 
on domain A and with residues Glu41, Asp44, Ser52, Glu56, Thr57, Thr75, Arg76, 
and Gln78 on domain B appear to stabilize the interaction between the protein and 
the disaccharide (Bewley  2001 ). 

 The interactions of CV-N with the relevant high mannose glycans of gp120 were 
probed by solving X-ray structures of CV-N in complex with Man-9 (Fig.  7.1d ) and 
a synthetic hexamannose (enclosed by blue dashed lines in Fig.  7.1d ) (Botos et al. 
 2002 ). Since CV-N in the crystal is a domain-swapped dimer, four sugar-binding 
sites are present (Barrientos and Gronenborn  2002 ). In the two complex structures, 
only one sugar molecule was found interacting with domain A of the fi rst pseudo-
monomer in the CV-N-Man-9 complex, while two sugars were bound to both A 
domains in the two pseudomonomers in the CV-N-hexamannose complex (Botos 
et al.  2002 ). No sugar was seen to interact with domain B in any pseudomonomer in 
either of the complexes. Instead, a well-defi ned, tightly bound buffer molecule 
(CHES) from the crystallization solution occupied the sugar-binding site on domain 
B in one of the two pseudomonomers (Botos et al.  2002 ). 

 The absence of any glycans in domain B in the domain-swapped crystal structures 
was explained by the different geometry of the sugar-binding site after domain swap-
ping (Botos et al.  2002 ). Unlike in the monomer, where the binding pocket is intact 
on domain B and can accommodate a disaccharide in a stacked conformation (Bewley 
 2001 ), the position of the hinge and the relative orientation of the domains are altered 
upon domain swapping, and the close proximity of the hinge region to the binding 
site results in a slightly altered shape of the sugar-binding pocket (Botos et al.  2002 ). 
As a result, some of the essential protein–oligosaccharide hydrogen bonds may not 
be formed (Botos et al.  2002 ). For example, different positioning of the Ser52 Oγ 
atom interferes with its potential hydrogen-bonding to a mannose ring and perturba-
tion of the side chain geometry of Asn53 in the hinge induces some steric hindrance, 
rendering sugar binding in the site on domain B unfavorable (Botos et al.  2002 ). 
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 Unlike domain B, the binding site on domain A is located far away from the 
hinge region, and therefore is not affected by the geometry of the hinge-loop. 
It exhibits the same conformation in both the CV-N monomer and the 3D domain- 
swapped dimer (Botos et al.  2002 ). The very similar conformation of the sugar 
conformation when bound in domain A for Manα(1–2)Man in the solution structure 
and the mannose rings M2 and M3 of the D1 arm of hexamannose (see zoom-in 
panel of Fig.  7.1e ) in the crystal structures is therefore not surprising. 

 CV-N has been reported to bind Man-9 with nanomolar affi nity (Bewley and 
Otero-Quintero  2001 ), while binding to a hexamannoside was found to be signifi -
cantly weaker, with affi nities in the low micromolar range (Botos et al.  2002 ). The 
latter is comparable to the affi nity for Manα(1–2)Man (Matei et al.  2008 ; Bewley 
 2001 ; Bewley et al.  2002 ). The much tighter apparent binding to Man-9 (or Man-8) 
is explained with CV-N’s multisite binding to both the D1 and D3 arms of Man-9 
(or Man-8) that facilitates cross-linking (Fig.  7.1f ). Indeed it was unambiguously 
demonstrated that CV-N interacts with the individual arms of Man-9 with very simi-
lar binding strength (Shenoy et al.  2002 ) and a CV-N protein that possesses only a 
single binding site binds Man-3 and Man-9 with identical affi nity (Matei et al. 
 2008 ). Therefore, it is the formation of multivalent, multisite interactions between 
CV-N and oligosaccharides on gp120 that explains its unusually potent activity and 
makes CV-N a promising potential candidate for development as a future pharma-
ceutical agent.  

7.3      Oscillatoria agardhii  Agglutinin 

 The  Oscillatoria agardhii  agglutinin (OAA) was isolated from the cyanobacterial 
 Oscillatoria agardhii  strain NIES-204 and is a protein of molecular mass of 
13.9 kDa (Sato and Hori  2009 ; Sato et al.  2000 ). The amino acid sequence of OAA 
comprises 132 amino acids, arranged as two sequence repeats (Sato et al.  2007 ; Sato 
and Hori  2009 ). Residues 1–66 and residues 67–132 belong to sequence repeat 1 
(SR1) and sequence repeat 2 (SR2), respectively. They are highly homologous with 
~77 % sequence identity (51/66 residues) and ~86 % sequence similarity (57/66 
residues) between SR1 and SR2 (Fig.  7.2a ) (Koharudin et al.  2011 ; Sato et al.  2007 ).

   The atomic structure of OAA was determined by X-ray crystallography 
(Koharudin and Gronenborn  2011 ; Koharudin et al.  2011 ). The overall architecture 
of OAA is a compact β-barrel that contains a continuous ten-stranded antiparallel 
β-sheet (Fig.  7.2a, b ). Each of the amino acid sequence repeats folds into fi ve 
β-strands, denoted as β1–β5 and β6–β10, for the fi rst and second repeats, respec-
tively (Fig.  7.2a ). The two-sequence repeats are connected by a very short linker, 
comprising residues G67-N69. 

 The fi rst two β-strands of each sequence repeat (β1–β2 and β6–β7) and the next 
three β-strands (β3–β4–β5 and β8–β9–β10) are positioned on opposite sides of the 
barrel (Fig.  7.2b ), and the linkers connecting strands β2 and β3, and β7 and β8, 
respectively, cross at the top or the bottom of the barrel (Fig.  7.2b ). As a result, the 
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fi rst two β-strands (β1–β2) in the fi rst sequence repeat are located in the barrel 
between the β-strands from the second repeat, namely strands β7 and β6 on one side 
and strands β10, β9, and β8 on the other side (Fig.  7.2b ). Similarly, strands β3, β4, 
and β5 of the fi rst repeat are fl anked either side by β8 and β6, of the other sequence 
repeat (Fig.  7.2b ). The swap of β-strands between the two sequence repeats creates 
an almost perfect C2 symmetric arrangement, rendering the conformation of the 
fi ve β strands in each sequence repeat extremely similar (backbone atomic r.m.s.d. 
value of 0.66 Å). 
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 The carbohydrate specifi city of OAA for Man-9 was initially delineated in solution 
by NMR spectroscopy (Koharudin et al.  2011 ). Chemical shift mapping of  1 H and 
 15 N resonances for free and Man-9-bound OAA revealed that Man-9 binding to 
OAA is in slow exchange on the chemical shift scale (new bound resonances appear), 
suggesting relatively tight binding. The NMR titrations also revealed that OAA pos-
sesses two sugar-binding sites and that the Man-9 affi nities for the two binding sites 
on OAA are distinct: the lower affi nity site, site 1 (affected only at >1.1 Man-9/
protein molar ratio), comprises the loops connecting strands β1–β2, β7–β8, and β9–
β10, and the higher affi nity site (site 2) is located at the symmetrically related posi-
tion and is made up by the loops connecting strands β6–β7, β2–β3, and β4–β5. 

 To further delineate the atomic details of the binding interface, OAA was co- 
crystallized with α3,α6-mannopentaose, the minimal unit of Man-9 recognized by 
OAA (enclosed by blue dashed lines and shaded in light blue in Fig.  7.2c ) (Koharudin 
and Gronenborn  2011 ). Note that the binding between OAA and α3,α6- 
mannopentaose is in slow exchange on the NMR chemical shift scale, suggesting a 
relatively tight interaction, and that both binding sites demonstrated a very similar 
affi nity for this sugar. The structure of α3,α6-mannopentaose-bound OAA was 
refi ned to 1.65 Å resolution, comparable to that of the apo OAA structure deter-
mined at 1.55 Å. A comparison between the apo- and α3,α6-mannopentaose-bound 
OAA structures reveals that they are very similar, with the compact ten-stranded 
antiparallel β-sheet barrel essentially identical. Only minor conformational differ-
ences, especially in the loops that are part of the two carbohydrate-binding sites, can 
be discerned. Note that clear additional electron density at opposite ends of the 
protein molecule permits the placement of a α3,α6-mannopentaose molecule into 
each site, and in the fi nal density, an excellent fi t of the atomic structure of two 
bound α3,α6-mannopentaose molecules, one per carbohydrate-binding site of OAA, 
into the density is noted (Fig.  7.2d ). 

 The sugar-binding pockets of site 1 and site 2 on OAA are very similar (Fig.  7.2d ) 
(Koharudin and Gronenborn  2011 ). OAA’s carbohydrate recognition sites comprise 
short clefts, residing between the loops on the surface of the protein. Each binding 
site is formed primarily by residues in two loops that connect strands β1–β2 and 
β9–β10 and those connecting strands β4–β5 and β6–β7 for sites 1 and 2, respec-
tively. These two loops contact the carbohydrate directly, in particular residues 
W10-G12 located in the loop that connects strands β1–β2 and E123-G124 in the 
connection between strands β9–β10 in binding site 1, and residues E56-G57 between 
strands β4 and β5 and W77-G79 in the loop between β6–β7 in binding site 2. The 
loops connecting strands β7–β8 in site 1 or strands β2–β3 in site 2 are slightly more 
remote, and contain amino acids with long side chains that can reach the carbohy-
drate, such as R95 in site 1 or R28 in site 2. 

 The zoom-in panel in Fig.  7.2d  illustrates the interactions between OAA and 
α3,α6-mannopentaose in detail. The M5α(1–6)M1 disaccharide unit of the α3,α6- 
mannopentaose is positioned most closely to the protein, and of the fi ve-mannose 
carbohydrate moieties, the M2α(1–3)M1 disaccharide is located deep inside the 
binding pocket while the M8α(1–3)[M6α(1–6)]M5 trisaccharide unit is pointing 
outwards. Overall, the branch point sits in the center of the binding site and all 
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mannose units are splayed out from the center. For the M2α(1–3)M1 unit, the 
pyranose ring of M1 is stacked on top of the indole ring of the W10 or W77 side 
chains in site 1 or site 2, respectively. The pyranose ring of M2 is fl anked by the long 
side chains of residues R95 or R28 in site 1 or site 2, respectively. On the other side 
of the cleft, where the M8α(1–3)[M6α(1–6)]M5 trisaccharide is located, the pyra-
nose ring of M8 is fl anked by residues in the loops connecting strands β1–β2 and 
β6–β7 in site 1 and 2, respectively, while the pyranose rings of M6 and M5 are 
fl anked by residues in the β9–β10 and β4–β5 loops for site 1 and 2, respectively. 

 Of all the contacts in the binding sites it appears that the hydrophobic interaction 
between the aromatic side chain of W10 in site 1 and W77 in site 2 with the pyra-
nose ring of M1 plays a critical role (Koharudin and Gronenborn  2011 ). In addition, 
several polar interactions are also observed. In particular, hydrogen bonds between 
the hydroxyl groups of the carbohydrate and main chain amide groups are present, 
augmented by several contacts with side chains (Koharudin and Gronenborn  2011 ). 
In binding site 1, hydrogen bonds are formed between the backbone amide of G11 
and the C5 hydroxyl group of M8 (2.86 Å), the backbone amide of G12 and the C6 
hydroxyl group of M8 (2.87 Å), the backbone amide of G124 and the C5 hydroxyl 
group of M5 (3.00 Å), and the backbone amide of G124 and the C6 hydroxyl group 
of M5 (3.15 Å). Side chain interactions in binding site 1 include hydrogen bonds 
between the C4 hydroxyl group of M1 and the side chain carboxyl group of E123 
(2.81 Å) and between the C4 hydroxyl group of M1 and the terminal guanidinium 
group of R95 (2.89 Å). 

 Similarly, equivalent hydrogen bonds are found in binding site 2. Hydrogen 
bonds between the backbone amide of G78 and the C5 hydroxyl group of M8 
(2.93 Å), the backbone amide of G79 and the C6 hydroxyl group of M8 (2.83 Å), 
the backbone amide of G57 and the C5 hydroxyl group of M5 (2.92 Å), and the 
backbone amide of G57 and the C6 hydroxyl group of M5 (3.20 Å) are present. Side 
chain hydrogen bonding is observed between the C4 hydroxyl group of M1 and the 
side chain carboxyl group of E56 (2.73 Å) and between the C4 hydroxyl group of 
M1 and the terminal guanidinium group of R28 (2.84 Å). Therefore, it can be con-
cluded that the conformation of the two binding sites in the α3,α6-mannopentaose- 
bound OAA structure is extremely similar. 

 In contrast to the low nanomolar activity of CV-N, OAA’s antiviral potency is 
~30-fold less (Koharudin et al.  2012 ). If a single binding contact between protein 
and sugar would be responsible for the activity, one would expect comparable inhi-
bition with similar IC 50  values for CV-N and OAA, since they possess the same 
number of binding sites for carbohydrate. This clearly is not the case. This differ-
ence is caused by the fact that OAA can only recognize a single epitope of Man-8/9, 
namely the branched core mannose unit (Fig.  7.2e ) (Koharudin and Gronenborn 
 2011 ), while CV-N binds to two epitopes, the Manα(1–2)Man units of the D1 or D3 
arms (Botos et al.  2002 ; Bewley  2001 ) of the glycan (Fig.  7.1f ). The multisite and 
multi-epitope interaction that CV-N can engage in is clearly not possible for OAA. 
On the other hand, the presence of distinctively different recognition epitopes on the 
glycan for OAA and CV-N may possibly be explored in a synergistic fashion when 
these core and terminal mannose-recognizing lectins are combined in targeting 
gp120 and blocking HIV infectivity.  
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7.4      Oscillatoria agardhii  Agglutinin Homolog Proteins 

 The compact, β-barrel-like architecture of the cyanobacterial OAA is very different 
from previously characterized lectin structures and unique among all available pro-
tein structures in the protein data bank (Koharudin et al.  2011 ). Most importantly, so 
far OAA’s carbohydrate recognition of Man-9 is also unique, compared to all other 
antiviral lectins. While most of the known lectins that block HIV infectivity recog-
nize the reducing or nonreducing end mannoses of Man-8/9, OAA recognizes the 
branched core unit of Man-8/9. These properties make OAA distinct and rare among 
all antiviral lectins (Koharudin and Gronenborn  2011 ; Koharudin et al.  2011 ). 

 Recently, genes coding for OAA homologs were discovered in a number of other 
prokaryotic microorganisms, including cyanobacteria, proteobacteria, and chloro-
bacteria, as well as in a eukaryotic marine red alga (Koharudin et al.  2012 ; Sato and 
Hori  2009 ). Similar to OAA, these proteins, henceforth termed  Oscillatoria agard-
hii  agglutinin homologs (OAAHs), contain a sequence repeat of ~66 amino acids, 
with the number of repeats varying for different family members. For example, the 
133-residue  Pseudomonas fl uorescens  homolog,  Pseudomonas fl uorescens  aggluti-
nin (PFA), contains two sequence repeats, like OAA, while the  Myxococcus xanthus  
homolog,  Myxococcus xanthus  hemagglutinin (MBHA), contains four sequence 
repeats over a length of 268 residues (Sato and Hori  2009 ; Koharudin et al.  2012 ). 
Apart from data for the founding member OAA, neither three-dimensional struc-
tures nor information about carbohydrate-binding specifi cities and antiviral activity 
is available up to now for any other member of the OAAH family. In order to further 
characterize this important lectin family, structural and carbohydrate specifi city 
analyses for these two additional members of the OAAH family, PFA and MBHA, 
will be discussed in this chapter. 

 The amino acid sequences of PFA and MBHA share extensive sequence similar-
ity to OAA, with ~62 % identity for pairwise alignment (Fig.  7.3a ) (Koharudin et al. 
 2012 ; Sato and Hori  2009 ). Interestingly, the majority of the amino acid conserva-
tion is seen in the carbohydrate-binding regions, delineated previously in OAA 
(Fig.  7.2 ). This region encompasses the loops between β1–β2, β7–β8, and β9–β10 
in the fi rst binding site and between β6–β7, β2–β3, and β4–β5 in the second binding 
site. In addition, notable sequence conservation is seen throughout the secondary 
structure elements.

   PFA assembles into a single, compact, β-barrel-like domain (Fig.  7.3b ) as previ-
ously observed for OAA (Fig.  7.2b ) (Koharudin et al.  2012 ). Each sequence repeat 
folds up into fi ve β-strands, denoted as β1–β5 (colored in white) and β6–β10 (col-
ored in green) for the fi rst and second repeats, respectively. Different from OAA or 
PFA, MBHA contains four sequence repeats and in its crystal structure each two- 
sequence repeat folds into a β-barrel, resulting in a tandem arrangement of two bar-
rels (Fig.  7.3c ). The fi rst barrel is composed of the fi rst ten β-strands, colored in grey 
and purple, and the second barrel is made up by the second ten β-strands, also col-
ored in grey and purple, respectively. A short linker comprising residues T133-G135 
connects the fi rst and second barrel (colored in orange). The structures of the fi rst 
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(residues A2 to V132) and second (residues D136 to L266) barrel of MBHA are 
very similar, with a backbone atom r.m.s.d value of 0.63 Å. 

 The overall structures of these new family members closely resemble that of the 
founding member, OAA (Koharudin et al.  2012 ). The overall r.m.s.d values for 
backbone atoms between OAA (residues A2 to L132) and PFA (residues S2 to I132) 
is 0.50 Å, between OAA (residues A2 to L132) and the fi rst domain of MBHA (resi-
dues A2 to V132) is 0.79 Å, and between OAA (residues A2 to L132) and the sec-
ond domain of MBHA (residues D136 to L266) is 0.70 Å. Similarly, PFA is close 
in structure to each of the MBHA domains, with backbone atom r.m.s.d. values of 
0.74 Å between PFA and the fi rst domain (residues S2 to I132 of PFA and residues 
A2 to V132 of MBHA) and 0.60 Å between PFA and the second domain of MBHA 
(residues S2 to I132 of PFA and residues D136 to L266 of MBHA). This extensive 
structural similarity parallels the signifi cant degree of amino acid identity through-
out the protein sequences (Fig.  7.3a ). 

 As discussed above, OAA’s anti-HIV activity is associated with its binding to 
N-linked high mannose glycans on the viral envelope glycoprotein gp120 (Sato 

  Fig. 7.3    Structure and carbohydrate specifi city of PFA and MBHA. ( a ) Sequence alignment of 
OAA, PFA, and MBHA. ( b ) The overall structure of PFA drawn in ribbon representation. ( c ) The 
overall structure of MBHA drawn in ribbon representation. ( d ) Superposition of the two- 
dimensional  1 H- 15 N HSQC spectra of free ( black ) and α3,α6-mannopentaose-bound ( light green ) 
PFA at 1:3 molar ratio of PFA to sugar. ( e ) Superposition of the two-dimensional  1 H- 15 N HSQC 
spectra of free ( black ) and α3,α6-mannopentaose-bound ( magenta ) MBHA at 1:6 molar ratio of 
MBHA to sugar. ( f ) Surface representation illustrating the interactions between one of the binding 
sites of MBHA and α3,α6-mannopentaose. ( g ) Anti-HIV activity assays for CV-N, OAA, PFA, and 
MBHA       
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et al.  2007 ; Koharudin et al.  2011 ). The epitope that is recognized by OAA on Man- 
8/9 is α3,α6-mannopentaose (Manα(1–3)[Manα(1–3)[Manα(1–6)]Manα(1–6)]
Man), the branched core unit of the triantennary high mannose structures (Koharudin 
and Gronenborn  2011 ). As expected from the sequence and structural conservation 
seen for PFA, MBHA and OAA, the two new OAAH members also share the carbo-
hydrate specifi city of OAA (Koharudin et al.  2011 ,  2012 ; Koharudin and Gronenborn 
 2011 ). Titrations of the proteins with α3,α6-mannopentaose and monitoring the 
chemical shift changes by  1 H- 15 N HSQC spectroscopy confi rmed that both PFA and 
MBHA specifi cally and tightly interact with α3,α6-mannopentaose (Fig.  7.3d, e , 
respectively) (Koharudin et al.  2012 ). Here again, similar to OAA, α3,α6- 
mannopentaose binding to PFA and MBHA is in slow exchange on the NMR chem-
ical shift scale, suggesting a relatively tight interaction. 

 Chemical shift differences between free PFA (black) and sugar-bound reso-
nances at saturation (sugar:protein molar ratio of 3:1; green) (Fig.  7.3d ) show that 
the most strongly perturbed resonances belong to residues in the loops, connecting 
strands β1–β2 and β9–β10 and between strands β4–β5 and β6–β7. Smaller changes 
are observed for residues in the loops connecting β7–β8 and β2–β3. Those reso-
nances of PFA that were perturbed include residues N8-S14, W17-H18, I101, 
N118-Y120, E123-G124, I126-G127, and G130 in the fi rst binding site and resi-
dues M51, Y53, E56-G57, I59-G60, Q76-A82, and W84-H85 in the second binding 
site, essentially equivalent to those in OAA (Koharudin and Gronenborn  2011 ; 
Koharudin et al.  2012 ). Therefore, the binding sites in both proteins are located in 
corresponding regions of the structures, consistent with the extensive sequence con-
servation in these sites. 

 NMR titration experiments were also used to determine which residues of 
MBHA interact with α3,α6-mannopentaose. Based on the superposition of 2D  1 H- 15 N  
HSQC spectra of apo (black) and α3,α6-mannopentaose-bound (magenta) MBHA 
(Fig.  7.3e ), it is clear that the affected MBHA residues are, not surprisingly, equiva-
lent to those in OAA or PFA (Koharudin et al.  2012 ; Koharudin and Gronenborn 
 2011 ). However, for MBHA, complete saturation for all resonances was only 
achieved at a sugar:protein molar ratio of 6:1 (Fig.  7.3e ), consistent with four sugar 
binding sites per polypeptide chain. 

 From the structure of the MBHA-α3,α6-mannopentaose complex specifi c con-
tacts between MBHA side chains and the carbohydrate can be discerned (Koharudin 
et al.  2012 ). As shown in Fig.  7.3f , the aromatic side chain of W144 in site 3 (or 
W211 in site 4) plays a critical role, providing hydrophobic contacts for the pyranose 
ring of M1. In addition, several hydrogen bond contacts are also observed (Fig.  7.3f ). 
Given the high sequence conservation in the carbohydrate-binding regions between 
MBHA and OAA (Fig.  7.3a ), all specifi c contacts that are observed in the MBHA-
α3,α6-mannopentaose complex are unsurprisingly identical to those observed previ-
ously in the OAA-α3,α6-mannopentaose complex (Koharudin et al.  2012 ). Note that 
in the structure of α3,α6-mannopentaose-bound MBHA, only the two higher affi nity 
sites, i.e., binding sites 3 and 4 that are both located in the second barrel of MBHA, 
are occupied by the glycan (Koharudin et al.  2012 ). No equivalent density was 
observed in the other two binding sites in the fi rst barrel. However, it is well 
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established from NMR titration data that sites 1 and 2 can bind α3,α6- mannopentaose 
similar to binding sites 3 and 4, albeit with slightly reduced affi nity. 

 OAA’s anti-HIV activity is mediated by the specifi c recognition of α3,α6- 
mannopentaose, the branched core unit of Man-8 and Man-9 (Koharudin and 
Gronenborn  2011 ), sugars on the HIV-1 envelope glycoprotein gp120. Similarly, it 
was shown that both PFA and MBHA also interact with this glycan, suggesting pos-
sible similar activities for these lectins (Koharudin et al.  2012 ). Indeed, the HIV 
assay data (Fig.  7.3g ) clearly reveals that PFA and MBHA possess anti-HIV activity 
(Koharudin et al.  2012 ). All three OAAHs display very similar IC 50  values, ranging 
from 12 ± 1 nM for OAA and MBHA to 15 ± 1 nM for PFA (Koharudin et al.  2012 ). 
As discussed above, these values are approximately 30-fold higher than that 
obtained for CV-N in the same experiment (0.4 ± 0.1 nM) (Koharudin et al.  2012 ). 
Again, it is interesting to note that, if solely avidity considerations on the protein 
were signifi cant, one would expect MBHA to exhibit higher anti-HIV activity than 
OAA and PFA, given that it possesses four sugar-binding sites, compared to only 
two sites in latter lectins. However, the available data suggests that only two binding 
sites on the protein are required for any OAAH lectin family member to display 
anti-HIV activity and that the additional binding sites in some members merely 
increase the probability to engage the sugars of gp120.  

7.5     Griffi thsin 

 Griffi thsin (GRFT), a lectin isolated from the red alga  Griffi thsia  sp. that was col-
lected from the waters off New Zealand, also belongs to those lectins that possess 
potent anti-HIV activity (Mori et al.  2005 ). The gene-encoding GRFT has not been 
isolated, but the amino acid sequence was obtained directly from protein purifi ed 
from the cyanobacterium. The protein contains a single 121-amino acid chain 
(Fig.  7.4a ), of which 120 residues are common amino acids while, surprisingly, the 
31st residue (151 Da) does not appear to correspond to any standard amino acid and 
its identity is still unknown (Mori et al.  2005 ). Analysis of GRFT’s sequence indi-
cates the presence of three sequence repeats with residues 1–18 and residues 101–
121 assigned to sequence repeat 1 (SR1), residues 19–56 to sequence repeat 2 
(SR2), and residues 57–120 to sequence repeat 2 (SR3) (Fig.  7.4a ). Two conserved 
regions are present; the GxYxD and the GGSGG motifs that are located in two dis-
tinct loop regions (Fig.  7.4a ). Note that, like the OAAH lectin family members, 
there are no cysteine residues among its 121 amino acids.

   The structure of GRFT was determined using recombinant proteins expressed in 
 E. coli  (Giomarelli et al.  2006 ) and  Nicothiana benthamiana  (Ziolkowska et al. 
 2006 ; O’Keefe et al.  2009 ). In both constructs residue 31 of GRFT was replaced by 
an alanine and this substitution did not seem to affect the carbohydrate-binding 
properties of the lectin. For the  E. coli  construct, the protein contains an N-terminal 
6-His affi nity tag followed by a thrombin cleavage site, extending the protein 
sequence by 17 amino acids (Giomarelli et al.  2006 ). Since the additional sequence 

7 Lectins as HIV Microbicides



190

could not be removed, these cloning artifact residues are present in the crystallized 
protein. On the other hand, the plant-expressed protein is a “native” construct, 
resembling more closely the authentic protein, although with an acetylated N termi-
nus and mutated residue 31 (Ziolkowska et al.  2006 ; O’Keefe et al.  2009 ). Both 
constructs were crystallized and their structures determined. Interestingly, however, 
only a single molecule is present in the asymmetric unit of crystals of the His- 
tagged GRFT, whereas all crystal forms grown from the plant-expressed protein 
contain two molecules and diffract signifi cantly better than the His-tagged crystals, 
most likely due to the absence of the N-terminal extension (Ziolkowska et al.  2006 ). 
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 The GRFT fold is a β-prism-I motif (Ziolkowska et al.  2006 ) that consists of 
three repeats of an antiparallel four-stranded β-sheet (Fig.  7.4a ) that form a triangu-
lar prism (Fig.  7.4b ). Surprisingly, GRFT forms a domain-swapped dimer in which 
the fi rst two β-strands of one chain are associated with ten strands of the other chain 
and vice versa (Fig.  7.4b ), completely distinct from other β-prism-I lectins (Chandra 
et al.  2006 ; Raval et al.  2004 ). 

 The carbohydrate specifi city of GRFT was initially probed using soluble gp120 
in an inhibition-binding assay with monosaccharide glucose, mannose, and 
 N -acetylglucosamine (Mori et al.  2005 ). The detailed contacts between the protein 
and mannose were later elucidated in the crystal structure of GRFT-mannose com-
plex determined at a resolution of 1.8 Å (Ziolkowska et al.  2006 ). A comparison 
between apo- and mannose-bound GRFT structures yields very similar protein con-
formations with an r.m.s.d value of 0.46 Å, indicating that sugar binding does not 
induce any large conformational changes in the protein. Six mannose molecules 
were found bound in two groups of three mannoses. Each mannose group engages 
in direct intermolecular contacts with each monomer of the GRFT domain-swapped 
dimer. Therefore, it appears that a GRFT-swapped dimer contains a total of six 
nearly identical carbohydrate-binding sites, i.e., three sites per GRFT pseudomono-
mer. Further interaction studies with various mannose disaccharides confi rmed that, 
unlike CV-N or the OAAH lectin family members, each GRFT-binding site indeed 
can bind an individual mannose monosaccharide located at each reducing end of 
Man-8/9 oligosaccharides (enclosed by magenta dashed lines and shaded in light 
magenta in Fig.  7.4c ) (Ziolkowska et al.  2006 ,  2007 ). 

 The detailed atomic interactions between GRFT and Man-9 are seen in the crys-
tal structure of an engineered monomeric GRFT (mGRFT) in complex with syn-
thetic nanomannoside oligosaccharides (Moulaei et al.  2010a ). This mGRFT was 
generated by inserting two or four amino acids at the dimerization interface and, 
different from the GRFT-swapped dimer, the mGRFT contains only three sugar- 
binding sites (Moulaei et al.  2010a ). Similar to the mannose bound GRFT complex 
structure, all three binding sites are occupied. Binding sites 1 and 3 are occupied by 
mannoses M4 and M7 from the D1 and D2 arms of a single nanomannoside in the 
asymmetric unit, respectively (Fig.  7.4d ), whereas site 2 is occupied by mannose 
M6 from the D2 arm of another nanomannoside in the symmetrically related mol-
ecule (Fig.  7.4c ). Note that all three binding sites are created by the equivalent 
loops, connecting the fi rst and fourth strand of each β-sheet, containing strictly con-
served GGSGG sequences (Fig.  7.4a ). This positions the three sugar-binding sites 
in an almost perfect equilateral triangle at the edges of the protein, with the carbo-
hydrate molecules separated by about 15 Å from each other (Fig.  7.4d ) (Moulaei 
et al.  2010a ). 

 The antiviral activity of GRFT has been tested on T-lymphoblastic cells and anti-
viral activity was found at picomolar concentrations, rendering GRFT the most potent 
antiviral lectin to date (Ziolkowska et al.  2006 ; Moulaei et al.  2010a ; Mori et al.  2005 ). 
While both dimer and monomer forms of GRFT are active against HIV, the dimeric 
protein possesses higher potency than mGRFT. The binding of GRFT and mGRFT 
to the viral envelope protein gp120 is also different, with mGRFT displaying 
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approximately 50-fold lower avidity (Moulaei et al.  2010a ), despite similar enthalpies 
and dissociation constants of both GRFT and mGRFT for binding nonamannoside. 
Therefore, it seems that interactions between individual high mannose oligosaccha-
rides and individual monomeric units of GRFT do not suffi ce to create potent antiviral 
activity. Thus, only when cross-linking of multiple high mannose oligosaccharides 
on gp120 is induced can signifi cant antiviral potency of GRFT be shown (Fig.  7.4e ), 
similarly to the original observation for CV-N (Fig.  7.1f ). Interestingly, in a recent 
study in which a single or all three binding sites of the GRFT were destroyed was 
interpreted such that GRFT’s activity is not caused by simply binding to gp120, but 
that the structure of gp120 or its oligomeric state is affected (Xue et al.  2012 ).  

7.6     Scytovirin 

 The antiviral lectin scytovirin (SVN) was isolated from aqueous extracts of the cya-
nobacterium  Scytonema varium  as part of a program investigating anti-HIV activity 
in natural product extracts (Bokesch et al.  2003 ). A single chain of SVN contains 95 
amino acids, with a molecular mass of 9713 Da (Bokesch et al.  2003 ; Xiong et al. 
 2006a ). Similar to the CV-N or OAA discussed above, SVN also displays an internal 
sequence duplication (Fig.  7.5a ) (Bokesch et al.  2003 ), with high (~75 %) sequence 
identity between the N-terminal sequence (residues 1–48) and its C-terminal coun-
terpart (residues 49–95). The sequence contains a large number of cysteine residues, 
ten in total (Bokesch et al.  2003 ) and, as seen in the crystal structures of natural and 
recombinant SVN, fi ve disulfi de bond are formed between C7–C55, C20–C32, 
C26–C38, C68–C80, and C74–C86 (Fig.  7.5a ) (Moulaei et al.  2007 ,  2010b ).

   The crystal structures of this antiviral lectin were solved at 1.3 and 1.0 Å resolution 
for the natural and recombinant proteins, respectively (Moulaei et al.  2007 ). Unlike 
CV-N or GRFT, SVN is strictly monomeric (Fig.  7.5b ), with no indication of oligo-
merization under any conditions (Moulaei et al.  2007 ). However, similar to OAA or 
PFA or the monomer of CV-N, the SVN structure revealed two highly symmetric 
domains, domain 1 (D1) and domain 2 (D2) (Fig.  7.5b ). The structures of the two 
domains are virtually identical with an r.m.s.d value of 0.25 Å (Moulaei et al.  2007 ) 
and the fold of SVN is novel, compared to other proteins in the database up to now. 

 SVN has been shown to bind specifi c oligosaccharides on gp41 and gp120 
(Bokesch et al.  2003 ). In particular, it was shown to bind to a tetrasaccharide sub-
structure of the high mannose oligosaccharides that decorate these HIV-1 envelope 
glycoproteins (McFeeters et al.  2007 ; Adams et al.  2004 ). In order to demonstrate 
carbohydrate binding of the protein, NMR titration experiments were used to moni-
tor the chemical shift perturbation of SVN using the Manα(1 → 2)Manα(1 → 6) 
Manα(1 → 6)Man tetrasaccharide (enclosed by magenta dashed lines and shaded in 
light magenta in Fig.  7.5c ) (McFeeters et al.  2007 ). The results indicated that one 
binding site was observed in each domain of SVN and that the two sites interact 
differently with the same tetrasaccharide (McFeeters et al.  2007 ). At low NMR 
magnetic fi eld (500 MHz), residues in D1 exhibit intermediate exchange whereas 
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residues in D2 exhibit fast exchange. However, when the titrations were conducted 
at high NMR magnetic fi eld (800 MHz), the intermediate exchange becomes slow 
and the fast exchange becomes intermediate, suggesting that the carbohydrate affi n-
ity of D1 is slightly tighter than that of D2. Using a two-site model fi tting, dissocia-
tion constant values were calculated as ~30 μM for D1 and ~160 μM for D2 
(McFeeters et al.  2007 ). 
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 Residues whose resonances exhibit backbone amide chemical shift changes 
upon addition of tetrasaccharide are almost identical for the two domains (Fig.  7.5d ) 
(McFeeters et al.  2007 ) and mapping of the affected residues onto the protein struc-
ture reveals very similar binding grooves on the surface of each domain of SVN. 
Three aromatic residues (residues Y6, W8, F37 in D1 and the corresponding resi-
dues Y54, W56, F85 in D2) in the two domains are all clustered near the binding 
sites and experience chemical shift perturbations, suggesting tetrasaccharide bind-
ing (McFeeters et al.  2007 ). As to the differences, it was speculated that they may 
partially be explained by the differences in residue composition in the two domains 
of SVN that are involved in glycan binding (McFeeters et al.  2007 ). For example, 
residue N9 that is located in D1 shows large backbone amide chemical shift changes 
in the presence of tetrasaccharide while the corresponding residue D57 in D2 only 
exhibited minor chemical shift perturbations upon binding. Similarly, no chemical 
shift perturbations are seen for G76 in D2, different from the signifi cant change 
observed for the equivalent G28 in D1. Since G1 and S2 are close to residues with 
the largest chemical shift perturbations in D1, this suggests that an ordered 
N-terminus is necessary for tight binding. Since SVN does not bind to the 
Manα(1 → 6)Manα(1 → 6)Man trisaccharide (Adams et al.  2004 ; McFeeters et al. 
 2007 ), it seems that the reducing end Manα(1 → 2)Man in the tetrasaccharide is 
required in the interaction. 

 SVN is capable to interact with a single epitope of Man-8/9 (Fig.  7.5e ), similar 
to that of OAA (Fig.  7.2e ). Interestingly, however, SVN is active at low nanomolar 
concentrations against T-tropic strains and primary isolates of HIV-1, but is 300- 
fold less effective against M-tropic strains (Bokesch et al.  2003 ). Also, unlike CV-N 
that inactivates the virus on contact (Boyd et al.  1997 ), the viral inhibition by SVN 
is reversible (Bokesch et al.  2003 ). Pretreatment and removal of SVN caused nor-
mal susceptibility to HIV infection in uninfected CEM-SS cells and a normal infec-
tivity in cell-free virus (Bokesch et al.  2003 ). It is also worth pointing out (1) that an 
individual domain of SVN has been reported to possess anti-HIV activity, with 
Domain 1 exhibiting similar activity as the full-length protein, while Domain 2 was 
much less active (Xiong et al.  2006b ), and (2) that the truncated individual domain 
of SVN loses activity when its N-terminus is changed (Xiong et al.  2006b ). Although 
there is no doubt that SVN binds to oligosaccharides and thereby inhibits HIV 
infection, no crystal structure is available at present of a complex between the pro-
tein and its carbohydrate ligand.  

7.7      Microcystis viridis  Lectin 

  Microcystis viridis  lectin (MVL) is a 113 amino acid protein (~13 kDa) that was 
isolated from the freshwater bloom-forming cyanobacterium  Microcystis viridis  
NIES-102 (Yamaguchi et al.  1999 ). The amino acid sequence of MVL comprises 
two highly homologous sequence repeats, SR1 and SR2, each containing 54 amino 
acids with about 50 % identity (Fig.  7.6a ) (Yamaguchi et al.  1999 ). The two sequence 
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repeats are joined by a fi ve residue-linker (Fig.  7.6a ). Up to now, the MVL protein 
sequence remains unique, as there is no signifi cant similarity or homology to any 
reported protein sequences in the database.

   The crystal structure of MVL shows that the protein forms a stable, symmetric 
homodimer (Fig.  7.6b ) (Williams et al.  2005 ). As expected on the basis of the 
observed sequence duplication (Fig.  7.6a ), each monomer is formed by two similar 
domains, domains A and B. Each domain contains a three-stranded antiparallel 
β-sheet (formed by strands β1, β2, and β3 in domain A and strands β4, β5, and β6 in 
domain B) and a single α-helix that is packed against one face of the sheet (α1 and 
α2 located between strands β1 and β2 and between strands β4 and β5 in domains A 
and B, respectively) (Fig.  7.6a, b ) (Williams et al.  2005 ). Three bulges in the 
β-strands, between residues 34–35, 40–41, and 44–45 in domain A and residues 
93–94, 99–100, and 103–104 in domain B distort the normal twist of the β-sheet, 
such that it wraps around the α-helix. The interactions between domains A and B of 
a single monomer are very limited as the domain is boomerang-shaped, connected 
by residues 55–59 (Williams et al.  2005 ). Indeed, the long axes of the two domains 
are oriented approximately orthogonal to each other; and the C-domain can be 
superimposed on the N-domain by an ~180° rotation about an axis that bisects the 
angle between the two domains. In the dimer, two boomerang-shaped monomers 
interlock and each domain from one monomer contacts both domains from the sec-
ond monomer (Fig.  7.6b ). 

 Two sugar-binding sites per monomer were identifi ed on MVL using NMR titra-
tions (Bewley et al.  2004 ). A number of other mannose-containing carbohydrates 
were tested for binding and it was shown that MVL does bind Man 6 GlcNAc 2  with 
low micromolar affi nity, but not α- and β-linked dimannosides, disaccharides 
Manβ(1–4)GlcNAc and GlcNAcβ(1–4)GlcNAc, or mannotriose (Bewley et al. 
 2004 ). It was therefore suggested that high-affi nity carbohydrate binding requires 
the presence of mannose and glucosamine residues and at least a tetrasaccharide 
core structures, such as Manα(1–6)Manβ(1–4)GlcNAcβ(1–4)GlcNAc (enclosed by 
blue dashed lines and shaded in light blue in Fig.  7.6c ). 

 The carbohydrate specifi city of MVL was later confi rmed by X-ray analysis 
(Williams et al.  2005 ). A crystal structure of the complex of MVL with Man 3 GlcNAc 2  
shows four independent carbohydrate-binding sites per homodimer, two each within 
a single polypeptide chain (Fig.  7.6d ) (Williams et al.  2005 ). No signifi cant confor-
mational changes in MVL are induced by sugar binding. The Manβ(1–4)
GlcNAcβ(1–4)GlcNAc (M1-G2-G1) trisaccharide core sits tightly in each binding 
site and the reducing GlcNAc residue (G1) sugar unit is clearly essential for defi n-
ing the specifi city of carbohydrate binding as it is buried deep inside the binding 
pocket (Fig.  7.6e ). 

 The details of the interaction between MVL and the carbohydrate are provided 
by the X-ray structure: In the G1 sugar unit, the acetyl methyl group fi ts into a deep 
hole and is in van der Waals contact with the side chains of Pro-11, Trp-13, the 
methyl groups of Leu-12 and Thr-39 in domain A (Fig.  7.6e ) or of Pro-70, Trp-72, 
the methyl groups of Leu-71 and Thr-98 in domain B (not shown), whereas the 
acetyl oxygen atom is hydrogen-bonded to the backbone amide of Ser-43 in domain 
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A (Fig.  7.6e ) and that of Gly-102 in domain B (not shown). The acetyl NH group of 
the G1 sugar unit is hydrogen-bonded to the backbone oxygen atom of Leu-12 in 
domain A (Fig.  7.6e ) and of Leu-71 in domain B (not shown), and the O3 atom of 
the G1 pyranose ring is hydrogen-bonded to the side-chain hydroxyl group of Thr- 
39 in domain A (Fig.  7.6e ) and of Thr-98 (not shown) in domain B. The reducing 
hydroxyl group (O1) from the G1 unit protrudes away from the binding site and 
remains solvent-accessible such that an N-linked Asn would not disrupt binding. 

 For the G2 sugar unit, the acetyl oxygen and O6 atoms of the subsequent 
GlcNAc2 unit are hydrogen-bonded to the backbone amide groups of Asn-15 and 
Thr-39 in domain A (Fig.  7.6e ) and of Asn-74 and Thr-98 in domain B (not shown), 
respectively. In addition, the pyranose ring of the G2 unit is stacked on top of the 
six-membered ring of Trp-37 in domain A (Fig.  7.6e ) and of Trp-96 in domain B 
(not shown). For the M1 unit, the pyranose ring of M1 is stacked on top of the fi ve 
membered ring of Trp-37 in domain A (Fig.  7.6e ) and of Trp-96 in domain B (not 
shown) while the O4 atom of M1 forms a hydrogen bond with the side-chain amide 
group of Gln-36 in domain A (Fig.  7.6e ) or Gln-95 in domain B (not shown), stabi-
lizing the protein interaction with the M1-G2-G1 reducing end trisaccharide core. 

 The branched mannose residues, Man2 and Man5, extend up and away from the 
binding cleft. They, however, still form hydrogen bonds with MVL. In the M2 sugar 
unit, a hydrogen bond is formed between the side chain of Thr-38 and the O6 
hydroxyl group of M2 in domain A. Since the corresponding residue in domain B is 
Arg-97, no equivalent hydrogen bond is possible. Finally, for the M5 sugar unit, a 
hydrogen bond is present between the O4 atom and the side chain of Gln-36 in 
domain A (Fig.  7.6e ) and of Gln-95 in domain B, as well as a water-bridged hydro-
gen bond between the O5 atom and the side-chain amide of Asn-15 in domain A 
(Fig.  7.6e ) and of Asn-74. 

 In summary, MVL uniquely recognizes the Manα(1 → 6)Manβ(1 → 4)-
GlcNAcβ(1 → 4)GlcNAc tetrasaccharide core structure of high mannose oligosac-
charides (Bewley et al.  2004 ; Williams et al.  2005 ) and inhibits HIV-1 cell fusion 
with an IC 50  value of 30–40 nM, depending on the HIV-1 strain (Bewley et al.  2004 ). 
Similar to OAA or SVN, MVL does not precipitate when it interacts with Man9, 
indicating that no cross-linking occurs (Fig.  7.6f ) as was observed with CV-N or 
GRFT (Figs.  7.1f  and  7.4e ). However, the question still remains as to whether all 
four binding sites are required for antiviral potency since no mutagenesis studies 
deleting individual binding sites on MVL have been reported.  

7.8     Actinohivin (AH) 

 AH is an anti-HIV lectin from the actinomycete  Longisporum Albid  (actinomycete 
strain K97-0003) (Inokoshi et al.  2001 ; Chiba et al.  2001 ). It contains a 114-residue 
chain of molecular mass ~12.5 kDa and its amino acid sequence was determined by 
Edman degradation (Chiba et al.  2001 ). Like GRFT, three highly conserved internal 
sequence repeats are present, comprising residues 1–38, 39–77, and 78–114 desig-
nated as SR1, SR2, and SR3, respectively (Fig.  7.7a ) (Chiba et al.  2001 ).
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   The crystal structure of AH was determined by X-ray crystallography at 1.2 Å 
resolution (Tanaka et al.  2009 ). Two protein molecules are present per asymmetric 
unit with both chains adopting very similar conformations with a pairwise C α  atom 
r.m.s.d value of 0.17 Å (Tanaka et al.  2009 ). The overall structure of AH is com-
posed of three domains that are very similar to each other (Fig.  7.7b ). Each domain 
contains a four-stranded antiparallel β-sheet and a short 3 10  helix (Tanaka et al. 
 2009 ). Three β-strands (β 1 , β 2 , and β 3 ), the fi rst long loop, the fi rst short 3 10 -helix, 
and the last β-strand (β 12 ) form domain 1. The second and third domains are then 
formed by a stretch of continuous amino acids that make up the next four β-strands 
(β 4 , β 5 , β 6 , and β 7 ), the second long loop and the second short 3 10 -helix for domain 2 
and domain 3 contains the next four β-strands (β 8 , β 9 , β 10 , and β 11 ), the third long 
loop, and the third short 3 10 -helix. AH can be regarded as a cyclic assembly given 
that the last β-strand is a component of the fi rst domain. All three domains exhibit 
pseudo threefold symmetry, in which the three β-sheets form a triangular barrel. 
Note that, like CV-N, where each domain is formed by strand exchange between the 
two sequence repeats, each domain of AH also exhibits strand exchange between 
two sequence repeats within AH (domains 1, 2, and 3 being composed of SR3 and 
SR1, SR1 and SR2, and SR2 and SR3, respectively) (Fig.  7.7a ). 

 The carbohydrate specifi city of AH was established using frontal affi nity chro-
matography (FAC) (Tanaka et al.  2009 ). Various types of glycans were tested with 
an AH-immobilized column. Relatively tight affi nities were obtained for Man9 and 
Man8 with  K  d  values of 2.9 × 10 −4  and 2.1 × 10 −4  M, respectively, and it was shown 
that AH recognizes the Manα(1–2)Man disaccharide epitope of these high mannose 
oligosaccharides (Tanaka et al.  2009 ). The Μanα(1–2)Man epitope located in the 
D1 arm is most effectively bound, followed by the Manα(1–2)Man epitope in the 
D3 and D2 arms. It was also shown that the presence of both Manα(1–2)Man epit-
opes on the D1 and D3 arms in Man-8/9 are essential for the high affi nity binding to 
AH (Fig.  7.7c ) (Tanaka et al.  2009 ), similar to the fi ndings with CV-N (Fig.  7.1d ) 
(Bewley and Otero-Quintero  2001 ; Botos et al.  2002 ). A binding study between AH 
and glycosylated gp120 by surface plasmon resonance resulted in similar conclu-
sions (Hoorelbeke et al.  2010 ). 

 Structures of AH alone and in complex with Manα(1–2)Man disaccharides were 
determined (Hoque et al.  2012 ). A superposition between the apo and Manα(1–2)
Man-bound AH yielded backbone and all heavy atom r.m.s.d. values of ~0.3 and 
~0.8 Å, respectively, suggesting that no large conformation changes occurred upon 
Manα(1–2)Man binding (Hoque et al.  2012 ). Three Manα(1–2)Man molecules 
found bound to an AH molecule (Fig.  7.7d ), each in a stacked conformation and 
buried in a shallow pocket made up by the three β-strands and a long loop (Fig.  7.7d ) 
(Hoque et al.  2012 ), similar to what was previously observed in the complex 
between CV-N and Manα(1–2)Man (Bewley  2001 ). 

 The detailed atomic interactions in each binding pocket in AH are depicted in 
Fig.  7.7e . Given the pseudo-symmetry of protein, identical conformations of 
Manα(1–2)Man are seen in all three domains of AH. Therefore, only the interactions 
between Manα(1–2)Man in the fi rst domain of AH are described here. The fi rst man-
nose residue (M1) of Manα(1–2)Man sits at the edge of the rim and does not form 
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hydrogen bonds to the protein (Fig.  7.7d, e ) (Hoque et al.  2012 ), while the second 
mannose residue (M2) is buried and interacts closely with the protein via four hydro-
gen bonds (Hoque et al.  2012 ). These hydrogen bonds are between one of the two 
carboxyl O atoms of the Asp15 side chain and the hydroxyl group attached to the C3 
atom of M2 (2.5 Å) and between the other Asp15 carboxyl O and the hydroxyl group 
attached to the C4 atom of M2 (2.7 Å). Hydrogen bonds are also present between the 
amino nitrogen of the Asn28 side chain and the hydroxyl group attached to the C3 
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atom of M2 (2.9 Å) and between the hydroxyl group of the Tyr23 side chain and the 
hydroxyl group attached to the C4 atom of M2 (2.8 Å). In addition, the Tyr32 side 
chain is wedged between Manα(1–2)Man, engaged in hydrophobic contacts with the 
C5 and C6 atoms. 

 Like for the other antiviral lectins described above, the antiviral activity of AH is 
associated with binding to gp120-attached high mannose oligosaccharides (Chiba 
et al.  2001 ; Takahashi et al.  2005 ,  2011 ). Like seen with CV-N, it is very likely that 
AH also induces cross-linking, given that AH has three binding sites and recognizes 
two epitopes on the D1 or D3 arms of Man-8/9. With an IC 50  of 60–700 nM and 
relatively low toxicity to MT-4 cells, this lectin warrants further investigation and 
possible development as a microbicide.  

7.9     Banana Lectin (BanLec) 

 Banlec is a lectin isolated from the ripened fruit of the banana,  Musa acuminata  or 
 Musa paradisiac  (Koshte et al.  1990 ; Peumans et al.  2000 ). It is a ~30 kDa homodi-
meric lectin with each monomer containing 141 residues. Like in GRFT, three inter-
nal amino acid sequence repeats are present, comprising residues 1–20 and 119–141 
as SR1, 21–69 as SR2, and 70–118 as SR3 (Fig.  7.8a ) (Singh et al.  2005 ). A con-
served GxxGG motif is also present in a distinct loop region (Fig.  7.8a ).

   The crystal structure of BanLec was solved at ~2.5 Å resolution for the 
carbohydrate- free protein (Singh et al.  2004 ). It crystallized with two molecules in 
the asymmetric unit (Fig.  7.8b ), consistent with the solution dimer state (Peumans 
et al.  2000 ). The monomer contains three four-stranded antiparallel β-sheets shaped 
like a prism with pseudo threefold symmetry, similar to other jacalin-like lectins 
(Fig.  7.8c ). The fi rst SR, consisting of strands 1, 12, 11, and 2, makes up one face of 
the prism in a pseudo Greek key motif. The second and third faces of the prism are 
also Greek key motifs containing strands 5, 4, 3, and 6 and strands 9, 8, 7, and 10, 
respectively (Fig.  7.8a, c ). 

 Unlike GRFT or AH that possess 3 SRs and 3 carbohydrate-binding sites in each 
monomer, BanLec has only two primary binding sites based on the crystal structure 
of BanLec in complex with methyl-α- d -mannoside (Singh et al.  2005 ). In the fi rst 
site, the interactions involve hydrogen bonds between the O3 hydroxyl group and 
the amide nitrogen of G15, between the O4 hydroxyl group and the amide nitrogen 
of G15, between the O4 hydroxyl group and the carboxyl group of D133, between 
the O5 hydroxyl group and the amide nitrogen of D130, between the O6 hydroxyl 
group and the amide nitrogen of D130, between the O6 hydroxyl group and the 
amide nitrogen of F131, between the O6 hydroxyl group and the carbonyl oxygen 
of F131, and between the O6 hydroxyl group and the carboxyl group of D133. In 
the second site, hydrogen bonds are formed between the O3 hydroxyl group and the 
amide nitrogen of G60, between the O4 hydroxyl group and the carboxyl group of 
D38, between the O5 hydroxyl group and the amide nitrogen of D35, between the 
O6 hydroxyl group and the amide nitrogen of G34, between the O6 hydroxyl group 
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and the amide nitrogen of V36, between the O6 hydroxyl group and the carbonyl 
oxygen of V36, and between the O6 hydroxyl group and the carboxyl group of D38. 
In addition to the interacting residues specifi ed above, V86 makes a hydrophobic 
contact with the sugar in the fi rst site. The presence of two binding sites in BanLec 
was confi rmed by the structure of BanLec from a different species bound to two 
different ligands (Meagher et al.  2005 ). In this report, the authors also suggest that 
there is a preference in the primary binding site for the reducing ends of the disac-
charides (Meagher et al.  2005 ). 

  Fig. 7.8    Structure and carbohydrate specifi city of BanLec. ( a ) Sequence alignment of the three 
repeats of BanLec. ( b ) The overall structure of BanLec homodimer, drawn in ribbon representa-
tion. ( c ) The structure of a BanLec monomer showing the presence of three β-strand sheets, drawn 
in ribbon representation and colored in  light grey ,  light blue , and  light green , corresponding to 
SR1, SR2, and SR3, respectively. ( d ) Surface representation and detailed interactions between 
BanLec monomer and methyl-α- d -mannoside monosaccharides in the two available binding sites       
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 The anti-HIV activity of BanLec arises, as with the other lectins mentioned 
above, through interactions with high mannose sugars present on HIV gp120. Using 
temperature-sensitive viral entry studies (Swanson et al.  2010 ), it was shown that 
BanLec blocks HIV-1 cellular entry with comparable potency as other anti-HIV 
lectins, such as Griffi thsin. Based on these results, BanLec also has potential for use 
as an antiviral microbicide.  

7.10     Other Antiviral Lectins 

 In general, lectins are capable of reversibly binding to carbohydrate moieties of 
complex sugars without altering their covalent structure. They are found in a wide 
variety of species, including prokaryotes, sea corals, algae, fungi, higher plants, 
invertebrates, and vertebrates. Their functions involve in many biological processes, 
including host–pathogen interactions, cell–cell communication, induction of apop-
tosis, cancer metastasis and differentiation, targeting of cells, in addition to binding 
carbohydrates (Sharon  2008 ; Sharon and Lis  1989 ,  2004 ). While this chapter mainly 
focuses on the structures and carbohydrate specifi cities of nine lectins that are well 
characterized, any lectins that can interact with oligosaccharides on gp120 may pos-
sess antiviral activity and can potentially be developed as an HIV microbicide. 

 Examples of such lectins are proteins from the sea coral  Gerardia savaglia  
(named  Gerardia savaglia  agglutinin; GSA) (Kljajic et al.  1987 ), mannose-spe-
cifi c plant lectins from the Amaryllidaceae family, such as  Narcissus pseudonar-
cissus  agglutinin (NPA) (Balzarini et al.  1991 ),  Galanthus nivalis  agglutinin 
(GNA) (Hester and Wright  1996 ; Wright and Hester  1996 ) and the  Hippeastrum  
hybrid agglutinin (HHA) (Van Damme et al.  1988 ),  Listera ovata  agglutinin 
(LOA) from the Orchidaceae family (Van Damme et al.  1987 ,  1994 ),  Epipactis 
helleborine  agglutinin (EHA) (Van Damme et al.  1987 ,  1994 ),  Cymbidium  hybrid 
agglutinin (CHA) (Van Damme et al.  1987 ,  1994 ),  Allium porrum  agglutinin 
(APA) from the Alliaceae family (Balzarini et al.  1992 ), plant lectins derived from 
the Moraceae  dicot  family, such as jacalin (Bourne et al.  2002 ) or from the 
 Cecropiaceae dicot  family, such as  Myrianthus holstii  lectin (Charan et al.  2000 ), 
concanavalin A (ConA) derived from the jack bean ( Canavalia ensiformis ) 
(Edelman et al.  1972 ),  Urtica diocia  agglutinin (UDA) derived from rhizomes 
(Balzarini et al.  1992 ), or mammalian lectins such as DC-SIGN (Geijtenbeek 
et al.  2000 ; Feinberg et al.  2001 ). 

 Among these additional lectins, some require a metal ion for sugar binding, such 
as the C-type lectins that use a Ca 2+  atom. Additionally, some lectins recognize a 
particular glycosidic linkage between the different carbohydrate units. For example, 
UDA and monocot lectins interact with terminal carbohydrates (Mannose or 
GlcNAc), while others preferentially bind to oligosaccharide cores, such as 
DC-SIGN or ConA. Similarly, some lectins interact with a single terminal carbohy-
drate unit, while others engage with several units of the oligosaccharide. Since the 
carbohydrate specifi city for some of these lectins has not yet been elucidated, future 
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structural studies will undoubtedly yield important new insights that may further 
our understanding of carbohydrate–protein interactions. 

 As a general rule, the affi nities of these lectins for monosaccharides are relatively 
weak, exhibiting  K  d  values in the millimolar range. In addition, for some lectins, 
binding is promiscuous, and multiple specifi cities for Man, GlcNAc, and Fuc on the 
same site have been observed. This can be explained by the limited ways in which 
the few hydroxyl groups, the only common feature of these carbohydrates, can be 
positioned in space (Drickamer  1995 ). Even slight changes in the sugar-binding 
sites can dramatically change their binding selectivity. Thus, one may wonder where 
the selectivity in these proteins originates from. To some degree, the abundance of 
extended, sugar-binding sites that can accommodate more than one type of carbohy-
drate and multiple binding sites may play a role. In an extended binding site, several 
sugar residues of an oligosaccharide can be positioned within the protein, thereby 
signifi cantly increasing the affi nity, when compared to the binding of an individual 
monosaccharide. Similarly, multiple binding sites per molecule can compensate for 
the weak affi nity of individual sites and can be involved in binding terminal sugars 
of multi-antennary oligosaccharides, thereby creating multivalent contacts. 

 At this juncture it seems prudent to ask the question why these lectins are not 
considered as candidates in the development of protein-based microbicides. The 
reasons are not altogether clear, but some possibilities can be suggested: First, these 
“orphan” lectins are generally fairly large, especially if they dimerize or multimer-
ize; they also possess relatively weak affi nity towards high mannose oligosaccha-
rides, compared to the most potent antiviral lectins that were discussed above. 
Third, and most importantly, most of these lectins interfere with normal cellular 
activities, and, therefore exhibit mild to severe toxicity, making them undesirable.  

7.11     Conclusion and Future Strategy 

 This chapter aimed to provide a comprehensive review of the structures, the distinct 
modes of glycan recognition, and the atomic details of the protein–glycan interac-
tions for nine different antiviral lectins. These lectins are candidates for develop-
ment as protein-based microbicides. The sole common feature of these eight 
proteins is the presence of internal sequence repeats. For example, CV-N, OAA, 
PFA, SVN, and MVL possess two sequence repeats, while GRFT, AH, and BanLec 
contain three sequence repeats and MBHA encompasses four sequence repeats. 
Interestingly, the number of sequence repeat often corresponds to the number of 
binding sites and domains that are observed in each lectin. However, the sequence 
repeats are not equivalent to the domains, since the individual domains in these 
lectins involve strand exchange between sequence repeats. The extensive sequence 
similarity of the repeats, ranging from ~32 % in CV-N to ~86 % in OAA, goes hand-
in- hand with structural similarity between the individual domains, with the excep-
tion of GRFT, where the three repeats result in three binding sites, but not three 
individual domains. 
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 Everything else about these lectins is unique. Some lectins exhibit domain 
swapping and multimerization, while others exist solely as monomers. Although 
CV-N and GRFT can domain swap, they are either found naturally as a monomer in 
solution or can be engineered into a monomer, as in the case of GRFT. The nature of 
domain swapping in CV-N and GRFT, however, is distinctly different; in CV-N, half 
of the protein chain swaps while in GRFT only the fi rst two β-strands, out of twelve 
in total, are involved in the swap. MVL and BanLec, on the other hand, do not 
domain swap, but instead are homodimerizing. The remaining fi ve lectins (OAA, 
PFA, MBHA, SVN, and AH) are all monomers. For OAA and PFA no indication of 
dimerization was noted, even at very high protein concentration (~200 mg/mL). 

 As mentioned above, the number of sequence repeats directly translates into the 
number of sugar-binding sites. Lectins with two sequence repeats contain two bind-
ing sites, such as monomeric CV-N, OAA, PFA, and SVN. mGRFT and AH possess 
three sequence repeats and therefore three sugar-binding sites. MBHA and the 
CV-N domain-swapped dimer contain four sequence repeats and, therefore, four 
sugar-binding sites. Finally, the lectin with the highest number of binding sites is 
GRFT, which has a triple sequence repeat and in the domain-swapped dimer conse-
quently six binding sites. An exception to this rule is BanLec, which possesses three 
sequence repeats but only two sugar-binding sites. 

 The most interesting difference between all these lectins is their carbohydrate 
specifi city: each lectin recognizes a distinct epitope of Man-8/9. For example, CV-N 
binds to the terminal Manα(1–2)Man di- and tri-mannosides in the D1 or D3 arms 
(Fig.  7.1d ). Interestingly, while AH also recognizes this epitope, the conformation 
of the bound Manα(1–2)Man disaccharide is different in the two lectins (Figs.  7.1e  
and  7.7d ); Both mannoses are tightly bound, forming a total of nine hydrogen bonds 
with CV-N, while only one of the two mannoses is buried in AH, with a total of four 
hydrogen bonds. This may explain the higher potency of CV-N, compared to AH. 
The specifi city of all the other lectins is signifi cantly different. For example, all 
OAAH members recognize the branched mannose core of Man-8/9 (Fig.  7.2c ), 
GRFT recognizes any of the terminal mannoses on the D1, D2, or D3 arms of Man- 
8/9 (Fig.  7.4c ), SVN binds only to the Manα(1 → 2) Manα(1 → 6)Manα(1 → 6)Man 
tetrasaccharide (Fig.  7.5c ), and MVL to the Manα(1 → 6) Manβ(1 → 4)
GlcNAcβ(1 → 4)GlcNAc tetrasaccharide (Fig.  7.6c ). While the X-ray structure of 
BanLec complexed with a methyl-α- d -mannoside has been solved, it is not clear 
whether its mode of Man-9 binding is similar to that of GRFT. 

 The difference in their carbohydrate specifi city can be related to the number of 
epitopes available on Man-8/9 for each lectin. Thus, a single epitope is available for 
OAA, PFA, MBHA, SVN, and MVL, two epitopes for CV-N and AH, and three 
epitopes for GRFT. 

 There also appears to be a correlation between the number of binding sites on the 
protein, the number of epitopes recognized on Man-8/9 and antiviral potency. GRFT 
and BanLec are active against HIV-1 at picomolar concentrations, thus more potent 
than CV-N. CV-N, which is active at sub-nanomolar concentrations, is more potent 
than OAA, PFA, MBHA, SVN, MVL, and AH. The latter all display IC 50  values in 
the low to medium nanomolar ranges. It appears that the number of bound epitopes 
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on the high mannose oligosaccharides is more critical for potency than the number 
of binding sites on the protein. This is derived from the comparison between mono-
meric and dimeric CVN, or between OAA (or PFA) and MBHA, with two and four 
binding sites, respectively. In both cases, no or very little difference in antiviral 
activity was observed. On the other hand, comparing CV-N and OAA, both of which 
possess two binding sites on the protein and interact with two sugar epitopes in the 
case of CV-N and only one in the case of OAA reveals that CV-N exhibits higher 
potency than OAA. Likewise, CV-N is also more potent than the other lectins, such 
as PFA and SVN, each with two binding sites but interacting with only one sugar 
epitope, or MBHA and MVL, each with four binding sites but again, contacting 
only one epitope. Comparing CV-N and AH, both of which can recognize the same 
number epitopes on Man-8/9, with AH possessing three binding sites and CV-N 
only two, CV-N is the more potent of the two. 

 In summary, the intrinsic antiviral activities of CV-N, OAA, PFA, MBHA, 
GRFT, SVN, MVL, AH, and BanLec render all of these lectins promising candi-
dates for microbicide development, especially as components in antiviral prepara-
tions that can be applied topically. They specifi cally target the high mannose sugars 
that decorate the major envelope glyprotein gp120 of HIV (Fig.  7.9 ). Indeed, pre-
liminary studies on CV-N have been very promising, with results showing that this 
lectin was highly effi cient in preventing infection by chimeric SIV/HIV-1 viruses 
in macaques, when delivered by either vaginal or rectal routes (Tsai et al.  2003 , 
 2004 ). Safety concerns, however, remain as lectins can induce mitogenic activity in 
PBMC cultures, notably when exposed over a period of several days (Huskens 
et al.  2008 ; Buffa et al.  2009 ). Interestingly, attachment of CV-N to polyethylene 
glycol (PEG) polymer chains appears to be effective in reducing mitogenic activity 
in vitro (Zappe et al.  2008 ). GRFT, on the other hand, seems to be devoid of mito-
genic activity (O’Keefe et al.  2009 ). The other lectins are presently being investi-
gated for such effects. Given the differences in binding, toxicity, and anti-HIV 
activity, it is prudent to consider more than one lectin in the development of a lec-
tin-based anti-HIV microbicide. This surely should increase the chance for success 
in this endeavor.

   What then would be the best way for delivering these lectins? A number of 
modes are being considered. The most straightforward is to include them as compo-
nents in microbicidal preparations for vaginal or rectal application, or possibly as 
components in multifunctional contraceptive gels. Another method of delivery of 
lectins, potentially even more promising, is their in situ expression by modifi ed 
bacteria, similar to those naturally found in the vagina. This concept has already 
been explored for CV-N, using the human commensal bacterium  Streptococcus gor-
donii  (Giomarelli et al.  2002 ) or the engineered strain of the natural vaginal 
 Lactobacillus jensenii  (Liu et al.  2006 ). Therefore, we are confi dent that the other 
lectins discussed above will also be tested in similar ways. They should be comple-
mentary to CV-N, given their differences in sugar epitope specifi cities. Further 
developments of these antiviral lectins as pharmacological agents will contribute to 
fi nd novel avenues to interfere with HIV transmission, still an urgent need to pre-
vent suffering and deaths of vulnerable populations worldwide.     
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